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Abstract
The onset of the new Millennium found remote sensing scientists, geophysi-
cists, geodesists, and engineers equipped with powerful new tools for measur-
ing crustal deformation via Earth Observation. The growing flow of satellite
data, along with the development of innovative algorithms and processing
chains, have allowed the systematic mapping of surface deformation, perti-
nent to earthquakes, volcanic eruptions, landslides, and ground subsidence
due to manmade activities, leading to the enhancement of our understand-
ing of the manifestation of several geophysical phenomena and the processes
that govern them.
This dissertation focuses on the use of radar interferometry geodetic tech-
niques for mapping ground displacement in a geophysically active country,
Greece. Greece has unique geomorphology, is plagued by frequent earth-
quakes and contains several active volcanic centers along the Hellenic Arc.
Moreover, the capital of Greece, Athens, is a heavily urbanised metropolis in
which heavy construction activities have taken place in the last two decades,
including works for accommodating the 2004 Olympic Games.
Firstly, the catastrophic earthquake (Mw 5.9) which struck Athens on
September 7, 1999 is studied. Interferometric stacking is applied to derive
the displacement field in Thriasio Pedio, showing significant deformation
with the maximum line-of-sight (LOS) subsidence being approximately 6
cm. Then, the deformation pattern is validated using as reference an ex-
ternal data source provided by terrestrial surveying along the Mornos river
open aqueduct. It is found that the deviation of the InSAR and leveling
subsidence profiles along Mornos, fall entirely within the confidence interval
defined for the leveling data.
The 2008 Movri earthquake (Mw 6.4) which hit north-west Peloponnese
is subsequently investigated with satellite interferometry. DInSAR stacking
analysis detects co-seismic motion only in Kato Achaia where the interfer-
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ogram fringe pattern shows vertical displacement ranging from 3 to 6 cm.
Combining this information with in-situ observations from engineers and
geologists who visited the area, a dislocation model and historical seismicity
records, it is argued by geophysicists that the causal association between
ground displacement and increased earthquake damage in the hanging wall
of the motion becomes possible not only for pure dip-slip earthquakes but
also for strike-slip earthquakes with a small dip-slip component.
The thesis also tackles a problem of a purely geodetic nature, the gen-
eration of accurate digital elevation models using the state-of-the-art cross-
interferometry methodology, by coherently combining ERS and Envisat data
on a Tandem mission. The available perpendicular baselines used are not
ideal, however DEM reconstruction is successful for two sites in Attica pre-
fecture, exhibiting significantly lower local height variations compared to an
existing DEM, but with reduced spatial coverage. Additionally, it is con-
firmed that cross-interferometric coherence increases in agricultural areas
with rolling topography, whereas surface and volume decorrelation kick in
for mountainous and urban areas respectively.
The core part of this research work is the application of multi-interferogram
techniques (PSI & SBAS) for the accurate mapping of surface deformation
in the wider Athens metropolitan area from 1992 until 2010. Two descend-
ing and one ascending ERS and Envisat tracks are processed, generating for
the first time LOS ground velocity maps that depict local displacement pat-
terns in the area, with unprecedented accuracy and spatial coverage, even in
non-urban areas. These interferometric measurements can serve as a bench-
mark for future regional geodetic surveys. Furthermore, the multi-track LOS
displacement rate fields allows the decomposition of the velocity vectors to
their vertical and horizontal components. Results of the time-series analysis
indicate that a large area containing the Kifisia municipality was subsidizing
in the period 1992-1999 (∼ 8 mm/yr) and has been uplifting since 2002 (∼
4 mm/yr). This is attributed to water extraction activities that took place
up until late 1995. Since then, Kifisia is on a restoration phase. More im-
portantly, a zoom at Thriasio Pedio shows that there were no subtle vertical
crustal deformation signals with noteworthy magnitude prior to the 1999
Athens earthquake. The revealing outcome, however, is the identification
of clear zones of horizontal displacement with opposite signs close to the
earthquake epicenter.
Finally, the surface deformation associated with the recent unrest in the
Santorini Volcanic Complex, spanning from January 2011 to February 2012,
is presented and discussed. PSI and SBAS are again used producing dense
LOS ground deformation maps and the displacement field is compared with
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GPS observations from ten continuous sites installed on Santorini. Results
show a clear and large inflation signal, up to 150 mm/yr in the LOS di-
rection, with a radial pattern outward from the center of the caldera. The
deformation inferred from GPS and InSAR is modeled using a Mogi source
located north of the Nea Kameni island, at a depth between 3.3 km and
6.3 km and with a volume change rate in the range of 12 million m3 to 24
million m3 per year. The depth and volume change rate characteristics of
the best fit Mogi model, along with the declaration of the end of the episode
using GPS and InSAR data (estimated to have occurred in late February
2012), leads to the conclusion that Santorini has entered a new era of relative
stability, decreasing the probability of an imminent volcanic eruption.

Περίληψη
Η έναρξη της νέα χιλιετίας ϐρήκε τους εpiιστήµονες δορυφορικής τηλεpiισκό-
piησης, γεωδαίτες, γεωφυσικούς και µηχανικούς, εξοpiλισµένους µε νέα και
ισχυρά εργαλεία για την µέτρηση της piαραµόρφωσης του γήινου ϕλοιού, µε
χρήση τεχνικών piαρατήρησης της γης. Η αυξανόµενη διαθεσιµότητα δορυ-
ϕορικών δεδοµένων, σε συνδυασµό µε την ανάpiτυξη καινοτόµων αλγορίθµων
για την εpiεξεργασία τους, εpiέτρεψε τη συστηµατική χαρτογράφηση της εpiι-
ϕανειακής piαραµόρφωσης έpiειτα αpiό σεισµικά γεγονότα, ηφαιστειακές εκρή-
ξεις, κατολισθήσεις, και καθιζήσεις του εδάφους piου piροκύpiτουν αpiό ανθρω-
piογενείς δραστηριότητες, µε αpiοτέλεσµα την καλύτερη κατανόηση αρκετών
γεωφυσικών ϕαινοµένων και των µηχανισµών piου τα διέpiουν.
Αυτή η διατριβή εστιάζει στη χρήση γεωδαιτικών τεχνικών συµβολοµετρίας
ϱαντάρ για τη χαρτογράφηση της µετατόpiισης του εδάφους στη ϐάση piρωτο-
piοριακών ερευνητικών κατευθύνσεων:
• Η piρώτη κατεύθυνση αφορά στη χρήση και ολοκλήρωση δεδοµένων α-
piό piολλαpiλούς δορυφορικούς αισθητήρες SAR διαφορετικής χρονικής,
χωρικής και ϕασµατικής ανάλυσης και διαφορετικών γεωµετριών αpiει-
κόνισης. Συγκεκριµένα, έγινε εpiεξεργασία δεδοµένων αpiό µια σειρά δο-
ϱυφορικών συστηµάτων, συµpiεριλαµβανοµένων των piλατφορµών ERS-
1,2, Envisat, ALOS και COSMO-SkyMed piου εκpiέµpiουν σε συχνότητες
C-, L- και X-band, µε χωρική ανάλυση piου piοικίλει αpiό 20× 4 µ. εώς
και 1×1 µ., µε εpiισκεψιµότητα αpiό 16 εώς 35 µέρες και µε ευρεία γκά-
µα γωνιών piρόσpiτωσης (incidence angle). Στην διατριβή συνδυάστηκαν
τα οφέλη piου piαρέχονται αpiό τα διαφορετικά χαρακτηριστικά λειτουρ-
γίας των εν λόγω συστηµάτων, λαµβάνοντας εpiίσης υpiόψη piαραµέτρους
piου εpiηρεάζουν τη συνάφεια ϕάσης ανάλογα µε την υpiοκείµενη χρή-
ση γης (αστικά-piεριαστικά, αγροκαλλιέργειες, δασικά), µε αpiοτέλεσµα
την αξιοσηµείωτη εpiέκταση της χωρικής κάλυψης, τη ϐελτίωση της α-
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κρίβειας των γεωδαιτικών µετρήσεων, και την αpiοµόνωση της συµβολής
των διακριτών οριζόντιων και κατακόρυφων ταχυτήτων µετατόpiισης.
• Εpiεξεργασία δεδοµένων SAR χρησιµοpiοιώντας διάφορες µεθόδους αιχ-
µής, piροσαρµόζοντας µια σειρά αpiό piαραµέτρους και τροpiοpiοιώντας
εpiιµέρους ϐήµατα στις αλυσίδες εpiεξεργασίας, καταφέρνοντας τη µέ-
γιστη δυνατή αξιοpiοίηση των δεδοµένων για την µέτρηση της εδαφικής
piαραµόρφωσης µε υψηλή ακρίβεια. Αξιοpiοιήθηκαν τεχνικές σώρευ-
σης χρονοσειρών διαφορικών συµβολογραµµάτων SAR ενσωµατώνοντας
και ϐρίσκοντας συνέργειες ανάµεσα σε συµβατικές µεθόδους διαφορικής
συµβολοµετρίας, αλγόριθµους στοίβαξης συµβολογραµµάτων και µεθο-
δολογίες σταθερών σκεδαστών (Permanent Scatterers InSAR και Small
BAseline Subset). Αpiοτέλεσµα της ερευνητικής αυτής piροσpiάθειας ή-
ταν η ϐελτίωση της χωρικής ανάλυσης του σήµατος piαραµόρφωσης, α-
ναδεικνύοντας µε υψηλή ευκρίνεια τοpiικά µοτίβα piαραµόρφωσης, αλλά
και εpiιτρέpiοντας την αpiοτύpiωση µεγάλης κλίµακας µετατοpiίσεων µε
χρήση piεριορισµένου σετ δεδοµένων (< 15 σκηνές SAR).
• Σε ορισµένες piεριοχές µελέτης, οι γεωδαιτικές µετρήσεις piου piροήλθαν
αpiό δορυφορικά δεδοµένα SAR εpiικυρώθηκαν µε εpiίγειες piαρατηρή-
σεις αpiό σταθερούς σταθµούς GPS και χωροσταθµίσεις. Η εναρµόνιση
των διαφορετικών αυτών τύpiων γεωδαιτικών µετρήσεων έγινε µε την ε-
ϕαρµογή µιας σειράς αλγοριθµικών ϐηµάτων, αξιοpiοιώντας το piυκνό
δίκτυο GPS στο Ελλαδικό χώρο piου εpiεξεργάζεται το Κέντρο ∆ορυφό-
ϱων ∆ιονύσου.
• Εpiεξεργασία piρωτοφανούς όγκου δεδοµένων SAR, piου ανέρχεται σε αρ-
κετά Terrabytes, δηµιουργώντας µια µοναδική γεωβάση µε διαχρονικές
γεωδαιτικές piαρατηρήσεις σε κρίσιµες γεωφυσικά piεριοχές. Πλέον, για
µια σειρά ευαίσθητων piεριοχών στην Ελλαδική εpiικράτεια είναι διαθέσι-
µοι αξιόpiιστοι χάρτες εδαφικής piαραµόρφωσης υψηλής piροστιθέµενης
αξίας και χωρικής ανάλυσης. Οι χάρτες αυτοί αpiοτελούν µοναδικό ση-
µείο αναφοράς σε ό,τι αφορά τη δραστηριότητα και τις piαραµορφώσεις
του ϕλοιού της Γης στην Ελλάδα.
Οι piαραpiάνω καινοτόµες µέθοδοι εφαρµόστηκαν σε διάφορες piεριοχές γε-
ωφυσικού ενδιαφέροντος στην Ελλάδα. Η Ελλάδα έχει µοναδική γεωµορφο-
λογία, µαστίζεται αpiό συχνούς σεισµούς και piεριέχει piολλαpiλά ηφαιστειακά
κέντρα κατά µήκος του Ελληνικού Τόξου. Εpiιpiλέον η Αθήνα, piρωτεύου-
σα της Ελλάδας, είναι µια έντονα αστικοpiοιηµένη µητρόpiολη, όpiου κατά τις
τελευταίες δύο δεκαετίες έχει λάβει χώρα έντονη κατασκευαστική δραστηριό-
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τητα, λαµβάνοντας υpiόψη και τις εργασίες για την υpiοδοχή των Ολυµpiιακών
Αγώνων του 2004.
Αρχικά µελετάται ο καταστροφικός σεισµός (Mw 5.9) piου έpiληξε την Αθή-
να στις 7 Σεpiτεµβρίου 1999. Εφαρµόζονται τεχνικές συµβολοµετρικής σώρευ-
σης για τον εντοpiισµό του piεδίου µετατοpiίσεων στο Θριάσιο Πεδίο, οι οpiοίες
δείχνουν σηµαντική piαραµόρφωση, µε τη µέγιστη καθίζηση στην κατεύθυνση
στόχου-δορυφόρου (LOS) να ανέρχεται στα 6 piερίpiου εκατοστά. Στη συνέ-
χεια, το µοντέλο piαραµόρφωσης εpiιβεβαιώνεται χρησιµοpiοιώντας µια εξωτε-
ϱική piηγή δεδοµένων αpiό εpiίγειες µετρήσεις κατά µήκος του υδραγωγείου
του Μόρνου. ∆ιαpiιστώνεται ότι η αpiόκλιση των piροφίλ των καθιζήσεων ανά-
µεσα στη διαφορική συµβολοµετρία ϱαντάρ και τις χωροσταθµίσεις ϐρίσκεται
εντός του διαστήµατος εµpiιστοσύνης piου ορίζεται για τα χωροσταθµικά δεδο-
µένα.
Στη συνέχεια διερευνάται ο σεισµός της Μόβρης (Mw 6.4) piου έpiληξε
την ϐορειοδυτική Πελοpiόννησο το 2008, µε δορυφορική συµβολοµετρία. Η
συµβολοµετρική σώρευση ανίχνευσε συν-σεισµική κίνηση µόνο στην piεριοχή
της Κάτω Αχαϊάς, όpiου εντοpiίζονται κροσσοί συµβολής piου καταδεικνύουν
κατακόρυφη µετατόpiιση µε διακύµανση αpiό 3 έως 6 εκατοστά. Συνδυάζοντας
αυτές τις piληροφορίες µε εpiίγειες piαρατηρήσεις, ένα µοντέλο µετατόpiισης
(dislocation model) και ιστορικά αρχεία σεισµικότητας, υpiοστηρίζεται αpiό
γεωφυσικούς ότι η αιτιώδης σύνδεση µεταξύ της µετατόpiισης του εδάφους και
των αυξηµένων καταστροφών στη µια piλευρά του ϱήγµατος (hanging wall),
καθίσταται δυνατή όχι µόνο σε σεισµούς piου οφείλονται σε ϱηξιγενείς δοµές
εφελκυσµού, αλλά και στις διατµητικές ϱηξιγενείς δοµές µε µικρή συνιστώσα
εφελκυσµού.
Η διατριβή καταpiιάνεται εpiίσης µε ένα piρόβληµα καθαρά γεωδαιτικής
ϕύσης, την piαραγωγή ψηφιακών µοντέλων εδάφους (ΨΜΕ) υψηλής υψοµε-
τρικής ακρίβειας, χρησιµοpiοιώντας µεθοδολογίες αιχµής για την piαραγωγή
συµβολογραµµάτων µε συνδυασµό δορυφορικών δεδοµένων ERS και Envisat
σε ειδική διάταξη λήψης. Οι διαθέσιµες γραµµές ϐάσης piου χρησιµοpiοιούν-
ται δεν είναι οι ιδανικές, ωστόσο ΨΜΕ ανακατασκευάζονται για δύο ϑέσεις στο
Νοµό Αττικής, εµφανίζοντας σηµαντικά χαµηλότερες τοpiικές υψοµετρικές µε-
τοβολές σε σύγκριση µε υφιστάµενο ΨΜΕ, αλλά µε µειωµένη χωρική κάλυψη.
Εpiιpiλέον, εpiιβεβαιώνεται ότι ο δείκτης συνάφειας ϕάσης της συγκεκριµένης
τεχνικής αυξάνεται στις αγροτικές piεριοχές µε µικρές εδαφικές κλίσεις, ε-
νώ µειώνεται σε ορεινές και αστικές piεριοχές όpiου εpiικρατεί αpiοσυσχέτιση
σήµατος εpiιφάνειας και όγκου αντίστοιχα.
Το ϐασικό µέρος του ερευνητικού αυτού έργου, είναι η εφαρµογή τεχνικών
εpiεξεργασίας χρονοσειρών συµβολογραµµάτων (PSI & SBAS) για την ακριβή
χαρτογράφηση της εpiιφανειακής piαραµόρφωσης στην ευρύτερη piεριοχή του
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νοµού Αττικής αpiό το 1992 µέχρι το 2010. ΄Εγινε εpiεξεργασία δεδοµένων
αpiό piολλαpiλές τροχιές, αpiοτυpiώνοντας για piρώτη ϕορά τις LOS εδαφικές
ταχύτητες piου αpiεικονίζουν τα τοpiικά µοτίβα piαραµόρφωσης, µε piρωτοφανή
ακρίβεια και χωρική κάλυψη. Αυτές οι συµβολοµετρικές piαρατηρήσεις µpiο-
ϱούν να αpiοτελέσουν σηµείο αναφοράς για µελλοντικές γεωδαιτικές έρευνες.
Εpiιpiλέον, η ύpiαρξη piροϊόντων αpiό piολλαpiλές τροχιές εpiιτρέpiει την αpiοµό-
νωση των κάθετων και οριζόντιων συνιστωσών των διανυσµάτων ταχύτητας. Τα
αpiοτελέσµατα της ανάλυσης χρονοσειρών δείχνουν ότι µια µεγάλη piεριοχή
piου piεριλαµβάνει το δήµο Κηφισιάς είχε υpiοστεί καθίζηση κατά την piερίοδο
1992-1999 (∼ 8 χιλ/έτος) ενώ ανυψώνεται αpiό το 2002 (∼ 4 χιλ/έτος) και
έpiειτα. Αυτό αpiοδίδεται σε δραστηριότητες εξόρυξης νερού piου έλαβαν χώρα
κατά την piρώτη piερίοδο και σταµάτησε piερί τα τέλη του 1995. Αpiό τότε, η
Κηφισιά ϐρίσκεται σε µια κατάσταση ϕυσικής εpiαναφοράς. Ακόµα piιο ση-
µαντικά ευρήµατα εντοpiίζονται στο Θριάσιο Πεδίο όpiου δεν διαφαίνονται κα-
τακόρυφες piαραµορφώσεις µε αξιοσηµείωτο µέγεθος piριν αpiό το σεισµό του
1999 στην Αθήνα. Ωστόσο, αpiοκαλυpiτικές είναι οι σαφείς Ϲώνες οριζόντιας
µετατόpiισης µε αντίθετα piρόσηµα piου εντοpiίζονται piλησίον του εpiίκεντρου
του σεισµού.
Τέλος, piαρουσιάζεται η µελέτη της εpiιφανειακής piαραµόρφωσης piου συνδέεται
µε την piρόσφατη αναταραχή στο ηφαιστειακό συγκρότηµα της Σαντορίνης, στο
διάστηµα Ιανουάριος 2011 µε Φεβρουάριος 2012. Οι τεχνικές PSI και SBAS
χρησιµοpiοιούνται εκ νέου για την piαραγωγή piυκνών χαρτών piαραµόρφωσης
του εδάφους, και το piεδίο αυτό µετατόpiισης αντιpiαραβάλλεται µε τις piαρα-
τηρήσεις GPS αpiό δέκα σταθµούς αpiρόσκοpiτης λήψης piου έχουν εγκατα-
σταθεί στη Σαντορίνη. Τα αpiοτελέσµατα δείχνουν µια σαφή τάση ανύψωσης,
έως 150 χιλ/έτος στην κατεύθυνση LOS, µειούµενου µέτρου ακτινωτά αpiό το
κέντρο της καλντέρας. Η piαραµόρφωση piου piροκύpiτει αpiό τις piαρατηρήσεις
GPS και συµβολοµετρίας µοντελοpiοιείται χρησιµοpiοιώντας µια piηγή τύpiου
Mogi piου ϐρίσκεται ϐόρεια της νήσου Νέας Καµένης, σε ϐάθος µεταξύ 3,3
και 6,3 χιλιοµέτρων και µε ένα ϱυθµό µεταβολής του όγκου της piερί των 12
µε 24 κυβικών µέτρων ανά έτος. Τα χαρακτηριστικά αυτά του µοντέλου, σε
συνδυασµό µε τη λήξη του εpiεισοδίου piου διαpiιστώνεται µε χρήση GPS και
συµβολοµετρικών δεδοµένων και εκτιµάται ότι συνέβη στα τέλη Φεβρουαρίου
2012, οδηγεί στο συµpiέρασµα ότι η Σαντορίνη έχει εισέλθει σε µια νέα ε-
piοχή σχετικής γεωφυσικής ηρεµίας, µειώνοντας σηµαντικά την piιθανότητα
µιας εpiικείµενης ηφαιστειακής έκρηξης.
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Chapter1
Introduction
The onset of the new Millennium found remote sensing scientists, geophysi-
cists, geodesists, and engineers equipped with powerful new tools for measur-
ing crustal deformation via Earth Observation. The growing flow of satellite
data, along with the development of innovative algorithms and processing
chains, have allowed the systematic mapping of surface deformation, perti-
nent to earthquakes, volcanic eruptions, landslides, and ground subsidence
occurring from manmade activities, leading to the enhancement of our un-
derstanding of the manifestation of several geophysical phenomena and the
processes that govern them.
Radar interferometry has highlighted the value of remote geodetic mea-
surements for estimating ground displacement with unprecedented spatial
coverage and accuracy. Interferometry is based on the simple idea that by
sensing the same object or scene twice, in separate times, one can identify the
changes that the observed object or scene has undergone between these two
distinct time instants. The radar transmits successive pulses to the Earth
from a distance, from two slightly different locations and at different times,
and collects the backscattered echoes, leading to an interference pattern,
analogues to classic physics experiments. This pattern has an invaluable
geodetic measurement potential.
Initially, radar interferometry was applied to measure deformation that
was inflicted after abrupt catastrophic events, like an earthquake, or rapidly
deforming calderas. In time, new techniques emerged, which exploit time-
series of satellite observations to generate maps depicting surface displace-
ment rates. The Persistent Scatter Interferometry concept is based on the
detection of stable targets that do not change their scattering characteris-
tics over time and remain coherent under all imaging geometries. Hence, the
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methodologies have evolved to such a level that radar interferometry can be
used as if a very dense network of precise ground-based geodetic instruments
was deployed.
Therefore, several experimental scenarios have been conducted to con-
firm and validate the thematic accuracy of the new space-borne geodetic
tools, using existing in-situ infrastructural capacities including GPS and
leveling measurements. Considering that interferometry can be used to es-
timate deformation in the radar-target line-of-sight direction only, harmon-
isation is required to render compatible the geodetic measurements coming
from diverse sources. Additionally, when it comes to geophysical applica-
tions, ground-based geodetic data and interferometric products are comple-
mentary, allowing the integrated study of key geophysical parameters.
The above are applied and thoroughly investigated for a geophysically
very active country, Greece. Greece has unique geomorphology and is plagued
by frequent earthquakes - the Aegean and its surrounding areas are the
most seismically active areas of the whole Mediterranean and in the whole
West Eurasia, being the most stressed part of the collision zone between the
Eurasian and the African tectonic plates. It contains several active volcanic
centers along the Hellenic Arc, whereas the island of Crete represents an
uplifting sedimentary fore-arc zone located north of the subduction zone in
the transition between the African and Eurasian plates. Moreover, Athens,
the capital of Greece, is a heavily urbanised metropolis, in which intense
construction activities have taken place in the last two decades, including
works for accommodating the Olympic Games in 2004.
The core focus of the present study remain the generation of surface
deformation estimates and diachronic displacement rates, their integration
with in-situ measurements when available, and correlation with seismic data:
interferometric stacking is combined with leveling information along the
Mornos aqueduct following the strong Athens earthquake in 1999, the defor-
mation pattern for the 2008 Movri earthquake is extracted and correlated
with the corresponding dislocation model, and a cutting edge interferometric
technique is applied to generate accurate Digital Elevation Models in Attica
prefecture. Furthermore, maps depicting displacement rates in the wider
Athens metropolitan area for the period 1992-2010 are presented. Finally,
the recent geodetic unrest in Santorini Volcanic Complex is investigated with
satellite interferometry and cross-validated with data from a dense network
of local GPS permanent stations.
This dissertation explores the application of state-of-the-art interfero-
metric techniques, mainly relying on the integration of multi-sensor Syn-
thetic Aperture Radar (SAR) data of different temporal, spatial and spectral
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resolutions and diverse imaging geometries. Specifically, data from a series of
satellite platforms were processed, including ERS, Envisat, ALOS/PALSAR
and COSMO-SkyMed missions, transmitting in C-, L- and X- frequency
bands, with spatial resolution ranging from 20 × 4 m to 1 × 1 m, a revisit
time from 16 to 35 days and a wide range of incidence angles. The benefits
provided by the various operating characteristics of those systems were com-
bined, taking into consideration parameters that affect the interferometric
coherence that depends on the underlying land use (urban and peri-urban,
agricultural crops, forest, etc.), resulting in the remarkable expansion of the
spatial coverage and improving the accuracy of the geodetic measurements.
The SAR data were processed using various cutting-edge methods, ad-
justing a number of key parameters and modifying individual steps in the
processing chains, managing to make maximum use of data for measuring
ground deformation with high accuracy. Several multi-interferogram tech-
niques were employed, identifying and integrating synergies between conven-
tional differential interferometry methods, interferometric stacking methods
and Permanent Scatterers algorithms. The result outcome of this effort
was to improve the spatial resolution of deformation signal, highlighting
high resolution local deformation patterns, but also allowing the mapping
of large-scale displacements using limited data sets (< 15 SAR scenes).
For certain study areas the geodetic measurements derived from satellite
SAR data were validated with the ground truth observations from fixed GPS
stations and leveling works. The harmonization of these different types of
geodetic measurements were achieved through a series of algorithmic steps,
utilizing the dense GPS network in Greece of the Dionysos Satellite Obser-
vatory.
Following the above research guidelines, big volumes of SAR data were
processed, accounting to several Terrabytes and creating thus a unique geo-
database with diachronic geodetic observations for critical areas in Greece.
Hereinafter for a number of sensitive Greek regions there are reliable surface
deformation maps of high value and spatial resolution. These maps are a
unique reference set to what concerns the monitoring of deformations of the
Earth’s crust in Greece.
1.1 Contributions
The aim of this dissertation is to highlight the effective implementation of
radar interferometry in the tectonically active environment of Greece, and
to showcase the added value that can be extracted from interdisciplinary
research in the fields of satellite geodesy, geophysics, remote sensing, seis-
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mology and signal processing. Below, the main contributions of this work
are summarized:
1. Used interferometric stacking to get a consistent representation of the
displacement pattern after the 1999 Athens earthquake and validated
it using leveling measurements along the Mornos Aqueduct.
2. Detected maximum deformation in Kato Achaia following the 2008
Movri earthquake and correlated it with an elastic dislocation model.
Apart from Kato Achaia, no additional co-seismic movement was iden-
tified. Information on the observed uplift pattern, in conjunction with
the aftershock seismicity sequence, and in-situ observations led to the
conclusion that the causal association between ground displacement
and increased earthquake damage in the hanging wall of the motion
becomes possible not only for pure dip-slip earthquakes but also for
strike-slip earthquakes with small dip-slip component.
3. Demonstrated the application of cross-interferometry on two tandem
ERS-Envisat frames, under non-ideal conditions with respect to the
baseline requirement, in the prefecture of Attica.
4. Highlighted the correlation between the cross-interferometric coher-
ence map and the underlying land use/land cover.
5. Generated accurate Digital Elevation Models with low local height
variations over relatively flat agricultural areas with rolling topogra-
phy.
6. Estimated the displacement rate field for the wider Athens metropoli-
tan area and for two time periods: 1992-1999 and 2002-2010 using
ERS and Envisat data respectively. Two adjacent descending tracks
and one ascending track were used. The extended spatial coverage of
the ground velocity maps, even in non-urban areas, provided for the
first time valuable information for the local displacement patterns in
the wider Athens area, with unprecedented accuracy. These maps can
become a benchmark for surface deformation studies in the region.
7. Decomposed the interferometrically derived deformation velocities in
Athens to vertical and horizontal components. This was accomplished
by developing a fully automatic Matlab processing algorithm, that
takes as input LOS velocities from different tracks and outputs the
decomposed velocities along with other important intra-track statisti-
cal information.
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8. Identified zones of horizontal motion with opposite direction near the
Athens 1999 earthquake epicentre, relating to strain accumulation.
This motion pattern is not seen during the 2002-2010 period.
9. Observed subsidence in Kifisia municipality in between 1992-1999,
while uplift was observed in the same area between 2002-2010. This
motion change is attributed to water extraction activities that ceased
in late 1995.
10. Quantified the total inflation in Santorini volcano from the start of
its unrest in early 2011 till the conclusion of the episode, using radar
interferometry techniques. High spatial resolution of the deformation
signal was achieved, regardless of the limited number of available data.
11. Validated the interferometrically derived deformation rates using in-
situ GPS measurements, after establishing intra-product consistency.
12. Estimated the location and related parameters of a Mogi source to
model this volcanic unrest. Additionally, proposed that the Santorini
episode was a relatively simple uplift event, suggesting charging of the
magma chamber beneath the caldera.
13. Declared the end of the episode, using GPS and interferometric data.
This is estimated to have occurred in late February 2012, and is possi-
bly signaling a new phase of relative stability, reducing the probability
of an imminent volcanic eruption.
1.2 Thesis roadmap
Chapters 3 and 5 of this thesis contain independent studies based on manuscripts
that have already been published in scientific journals and/or have been pre-
sented in international workshops and conferences, while Chapter 4 involves
a manuscript under preparation. The distinct contributions, therefore, can
be read independently without requiring background knowledge from other
chapters. It should be mentioned that in these independent publications
there are multiple contributors, however the author of this dissertation is
the primary researcher and author in most cases, unless clearly stated oth-
erwise.
Chapter 2 contains the presentation of concise background information
needed for conducting the research work of this thesis. It starts with an
introduction on Synthetic Aperture Radar (Section 2.1) discussing its main
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principles, and moves into the basic theory of radar interferometry (Sec-
tion 2.2) with special focus on interferometric signal decorrelation aspects.
The chapter is wrapped up with a brief reference to multi-interferogram
techniques (Section 2.3) employed for the estimation of surface deformation
rates, namely interferometric stacking and persistent scatterer interferome-
try.
Chapter 3 begins by establishing the working framework, processing
strategy and software tools used for the generation and analysis of inter-
ferometric products (Section 3.1). Then, three distinct and independent
sections follow that highlight the effective application of radar interferom-
etry for specific geophysical and geodetic scenarios: Section 3.2 comes at
the aftermath of the 1999 earthquake that hit Athens, in which the defor-
mation estimated from interferometric stacking is validated using leveling
measurements. This work was published by Kotsis et al. [2008]. The author
of this thesis contributed by employing different interferometric stacking ap-
proaches and generating the deformation estimates at the required locations
where leveling data was available. In Section 3.3, interferometric stacking is
also applied for the 2008 Movri earthquake in West Peloponnese to derive
the associated deformation pattern. This was presented in the 31st Gen-
eral Assembly of the European Seismological Commission [Papoutsis et al.,
2008]. Integration of this work with field works, seismic data and a disloca-
tion model generated by seismologists, suggest some important geophysical
implications associated with the Movri earthquake, and these are discussed
by Papadopoulos et al. [2010] with the contribution of the author of this
thesis. Finally, Section 3.4 firstly outlines the theoretical aspects and main
barriers imposed in cross-interferometry, and proceeds to the formulation of
cross-interferograms over the prefecture of Attica using ERS-Envisat tandem
pairs for the generation of highly accurate digital elevation models. In paral-
lel, the usefulness of cross-interferometric coherence maps for land use/land
cover classification schemes is discussed. The results were presented in the
2011 Fringe Workshop hosted by European Space Agency [Papoutsis et al.,
2011].
Chapter 4 is primarily concerned with the estimation of the surface dis-
placement rates in the wider Athens metropolitan area for the period 1992 to
2010. Section 4.1 describes the geodynamic setting of the region, including
the seismotectonic regime, the regional geological characteristics and focus-
ing on the historical seismicity of the capital city Athens. Section 4.2 outlines
the input datasets, consisting of multi-track ERS and Envisat imagery, and
the implemented processing chains, while Section 4.3 presents the resulting
line-of-sight displacement velocities for the 1992-1999 and 2002-2010 time
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periods. Then, Section 4.4 focuses on the joint analysis of the multi-track
displacement rate maps for validating the observed velocity fields and more
importantly decomposing it to its vertical and horizontal components. In
conclusion, Section 4.5 discusses the main findings of the analysis, concen-
trating on water pumping activities and tectonic motion. Parts of this work
have already been presented in the 2009 Fringe Workshop hosted by Eu-
ropean Space Agency [Papoutsis et al., 2009], but a much more thorough
manuscript is being reviewed for publication to a scientific journal.
Chapter 5 contains a detailed research study on the recent geodetic un-
rest in the Santorini Volcanic Complex. Section 5.2 provides some back-
ground information on Santorini, for laying out the geological and tectonic
setting including elements for its eruptive history, and Section 5.3 describes
the input Envisat and GPS datasets, and the methodology followed to ren-
der them compatible. Section 5.4 presents the estimated displacement rates
using persistent scatterer interferometry and analyzing the GPS data, al-
lowing the modeling of the deformation field using a Mogi point source.
The characteristic parameters of this source, along with the more recent
interferometric and GPS data, are discussed in Section 5.5 to reach crucial
geophysical conclusions regarding the eruptiveness of Santorini. The study
of this chapter has been published at Geophysical Research Letters [Pa-
poutsis et al., 2013c], and updated parts were announced to the European
Geosciences Union General Assembly [Papoutsis et al., 2013b] and to the
European Space Agency Living Planet Symposium [Papoutsis et al., 2013a].
Chapter 6 provides a summary of the thesis (Section 6.1), surfacing some
important lessons learnt, and attempts to qualitatively evaluate the available
interferometric tools (Section 6.2). Section 6.3 engages the issue of big data
processing and storage and proceeds to offer some suggestions for future
work (Section 6.4).
Additionally, a series of appendices are included at the end of the thesis:
Annex A and Annex B include theoretical aspects and practical implemen-
tations for two dimensional phase unwrapping and applications based on
spectral shift respectively, touched in Chapter 2. Annex C presents the
detailed list of small baseline interferometric pairs that were used for the
persistent scatterer interferometry analysis of Chapter 4, while Annex D
contains additional information on the Santorini volcano and processing de-
tails (Chapter 5), by providing some interesting historical Santorini maps,
presenting the hardware characteristics of the permanent GPS instruments
along with the raw measurement time-series, and estimating a velocity gra-
dient to remove a best fit plane from the InSAR results to match all GPS
data simultaneously.
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Bearing the above structure in mind, it becomes clear that the core ob-
jective of this dissertation is to monitor crustal deformation in Greece, due to
earthquakes, volcanic activity, tectonic creep motion, and manmade activi-
ties in urban environment, showcasing the invaluable geodetic information
generated by the implementation of diverse cutting edge radar interferom-
etry techniques, integrated with in-situ measurements. Thus, this research
work addresses a full set of geophysical applications, ranging from the Athens
and Movri earthquakes, to the Santorini volcanic unrest and the long-term
deformation monitoring of the wider Athens area.
Chapter2
Background
The scope of this section is to simply lay down the fundamental concepts and
most common tools used in satellite interferometry for measuring crustal de-
formation. The section begins with the presentation of Synthetic Aperture
Radar basic theory, moves on to the main principles of SAR interferome-
try, elaborating on the sources for interferometric signal decorrelation, and
finally highlights the state-of-the-art multi-interferogram techniques for re-
trieving ground displacement rates. Annexes A and B contain specific top-
ics for two-dimensional interferometric phase unwrapping and applications
based on the spectral shift principle respectively, aiming at gaining insights
on advanced interferometric concepts.
2.1 Synthetic Aperture Radar basics
Much like sound waves, radar waves carry information that echoes from dis-
tant objects (Figure 2.1). The time delay of the echo measures the distance
to the object, while the changes of the message in the echo determines the
object’s scattering characteristics using sophisticated techniques [Frangos
and Jaggard, 1987, 1991]. Radar is primarily sensitive to the structure of
the objects being imaged whereas optical images are primarily sensitive to
their chemistry. The scale of objects relative to the radar wavelength deter-
mines how smooth an object appears to the radar and how bright or dark it
is in the imagery. A thorough background on conventional radar principles,
theory, and applications, including radar signal processing, radar air traffic
control, ground penetrating radar, fighter aircraft radar, and civil marine
radar is elaborated by Skolnik [2008], the ‘bible’ on radar fundamentals.
Spaceborne Synthetic Aperture Radar (SAR) is an active microwave sen-
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Figure 2.1: The radar concept. Transmitted signals are backscattered
at ground objects, extracting information on their scattering properties
and location.
sor mounted on a satellite, permitting continuous day and night, all weather
imaging. The ability of SAR to penetrate cloud cover makes it particularly
valuable in frequently cloudy areas such as the tropics. Image data serve
to map and monitor the use of the land, and are of gaining importance for
forestry and agriculture. Geological or geomorphological features are en-
hanced in radar images thanks to the oblique viewing of the sensor and to
its ability to penetrate - to a certain extent - the vegetation cover.
To improve the resolution without increasing the physical antenna size,
SAR incorporates a coherent system, retaining both phase and magnitude
of the backscattered echo signal. The typical imaging geometry of a space-
based SAR system is depicted in Figure 2.2. Pulses are transmitted from the
radar platform at it moves along its flight path, where each pulse has finite
extent in time, illuminating a narrow strip of ground as it sweeps through
the antenna beam.
The high resolution is achieved by synthesizing in the signal processor a
very long antenna aperture [Curlander and McDonough, 1991] a procedure
called focusing. Thus, the spatial resolution of a SAR platform is greatly
enhanced compared to that of a conventional radar system. In the azimuth
direction the resolution is:
∆χ =
La
2
(2.1)
while in the slant range direction:
∆RLOS =
c
2B
(2.2)
where La is s the antenna physical length, c the speed of light and B the
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Figure 2.2: Typical imaging geometry of Synthetic Aperture Radar.
The azimuth direction is also called along track, and is parallel to the
motion of the satellite, whereas slant range or Line of Sight is normal
to the satellite’s motion. Figure reproduced from Rosen et al. [2011].
bandwidth of the transmitted signal. The transmitted waveform is a chirp,
in order to keep B as high as possible and the peak transmitted power as
low as possible.
The focused images are called Single Look Complex (SLC) scenes, where
each pixel has dimensions equal to those of Equations 2.1 and 2.2, and corre-
spond to a complex number preserving the magnitude and the phase of the
signal. Every line in SLC images represents the transmission and reception
of a single pulse. Each pulse corresponds to a new azimuth position, since
the satellite moves between the transmission of successive pulses. Thus ev-
ery line in SLC corresponds to a constant azimuth position of the targets.
Similarly, the focusing algorithm places the targets with equal Line Of Sight
(LOS) range to different columns in the SLC image.
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2.1.1 SAR principles
The phase of a SAR image
The radiation transmitted from the radar has to reach the scatterers on
the ground and then come back to the radar receiver in order to form the
SAR image (two-way travel). Scatterers at different distances from the
radar introduce different delays between transmission and reception of the
radiation. Due to the almost purely sinusoidal nature of the transmitted
signal, the delay is equivalent to a phase change φ between transmitted
and received signals. The phase change is thus proportional to the two-way
travel distance 2R of the radiation devided by the transmitted wavelength
λ:
φ =
2pi
λ
2R =
4pi
λ
R, (2.3)
Figure 2.3: Two conventional SAR
acquisition/imaging modes. Figure
reproduced from Rosen et al. [2011].
However, as a result of the peri-
odic nature of the signal travel dis-
tances that differ by integer multi-
ples of the radar wavelength intro-
duce exactly the same phase change.
In other words the phase of the SAR
signal is a measure of just the last
fraction of the two-way travel dis-
tance that is smaller than the trans-
mitted wavelength [Fletcher et al.,
2007].
Image modes
There are three well established
SAR acquisition modes depending
upon the SAR system’s imaging
configuration [sarmap et al., 2007]:
(i) using the full transit distance to
image a long strip of terrain (Strip
map, top of Figure 2.3), (ii) illumi-
nating a strip of terrain at any angle
to the path motion (ScanSAR, bot-
tom of Figure 2.3), and (iii) imaging
a scene with finer resolution and at
multiple viewing angles.
The conventional SAR strip
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mapping mode assumes a fixed pointing direction of the radar antenna
broadside to the platform track. A strip map is an image formed in width by
the swath of the SAR and follows the length contour of the flight line of the
platform itself. When operating as a Strip map SAR, the antenna usually
gives the system the flexibility to select an imaging swath by changing the
incidence angle. It should be mentioned that Strip map Mode is the most
commonly used mode. While operating as a Strip map SAR, the system is
limited to a narrow swath. This constraint can be overcome by utilising the
ScanSAR principle, which achieves swath widening by the use of an antenna
beam which is electronically steerable in elevation.
An additional imaging acquisition mode is Spotlight. It is a SAR op-
eration mode for obtaining high resolution. More pulses are used and the
azimuth resolution increases. This is achieved by keeping a target within the
spotlight illumination of the radar beam for a longer time through electronic
beam steering, resulting in a longer synthetic aperture. Spotlight SAR oper-
ation mode usually comes at the expense of spatial coverage, as other areas
within a given accessibility swath of the SAR cannot be illuminated while
the radar beam is spotlighting over a particular target area.
SAR properties
The incidence angle in SAR imaging radar is defined as the angle formed
by the radar beam and a line perpendicular to the surface. Microwave
interactions with the surface are complex, and different reflections may occur
in different angular regions. Returns are normally strong at low incidence
angles and decrease with increasing incidence angle.
The terrain area imaged in each SAR resolution cell (called the ground
resolution cell) depends on the local topography. It strongly depends on the
terrain slope in the plane perpendicular to the orbit (ground range direc-
tion), and on the terrain slope in the azimuth direction. The dimension of
the ground resolution cell in azimuth is related to that of the SAR resolution
cell by the usual perspective deformation we experience every day looking at
surfaces from different angles. Therefore, SAR images are distorted relative
to a planimetric view. Slopes facing toward or away from the radar ap-
pear foreshortened. Steep slopes are collapsed into a single range cell called
layover, and areas occulted by other areas are said to be shadowed.
Additionally, the presence of several scatterers within each SAR ground
resolution cell generates the so-called ‘speckle’ effect that is common to all
coherent imaging systems. Speckle is present in SAR, but not in optical
images. When illuminated by the SAR, each target contributes backscat-
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ter energy which, along with phase and power changes, is then coherently
summed for all scatterers, the so called random-walk. This summation can
be either high or low, depending on constructive or destructive interference.
This statistical fluctuation (variance), or uncertainty, is associated with the
brightness of each pixel in SAR imagery [sarmap et al., 2007].
Copping with the speckle effect requires the generation of multi-looking
SAR products by averaging over range and/or azimuth resolution cells. This
non-coherent averaging aims at improving the radiometric resolution of the
SAR image, at the expense of spatial resolution.
2.1.2 Available satellite platforms
At the moment of this writing, there is a multitude of available SAR datasets,
mainly from spaceborne SAR systems. Table 2.1 summarises the main
imaging parameters for selected recent, operational and future platforms.
The scientific and technological evolution of the SAR sensors, from ERS to
TerraSAR-X, is clear. In the subsequent paragraphs of this section, a brief
and concise description of the SAR sensors that are extensively used in the
framework of this thesis is provided.
It should be mentioned that within 2013 Sentinel-11 satellite from Eu-
ropean Space Agency (ESA) is scheduled for launch, and will provide con-
tinuity of Envisat ASAR mission. Continuity of ESA SAR C-band data is
vital to ensure effective exploitation of the long ESA SAR archives, which
start since 1992 with the launch of ERS-1 mission.
SRTM
The Shuttle Radar Terrain Mission2 (SRTM) is a joint project between
NASA and the National Geospatial-Intelligence Agency to map the world
in three dimensions. SRTM utilized dual Spaceborne Imaging Radar (SIR-
C) and dual X-band Synthetic Aperture Radar (X-SAR) configured as a
baseline interferometer. Flown aboard the NASA Space Shuttle Endeavour
in February 11-22, 2000, SRTM successfully collected data over 80% of the
Earth’s land surface, for most of the area between 60◦ North and 56◦ South
latitude. SRTM data are being processed at the Jet Propulsion Laboratory
into research-quality digital elevation models. The data are 3 × 3 aver-
aged to 3-arc second spacing (90 m) from the original 1-arc second data.
The absolute horizontal and vertical accuracy is 20 metres and 16 metres,
respectively.
1http://www.esa.int/Our_Activities/Observing_the_Earth/GMES/Sentinel-1
2http://www2.jpl.nasa.gov/srtm/
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Table 2.1: Imaging parameters of the main SAR systems
Platform Agency Banda Ground
resolution
(m)
Acquisition
mode
Swath
(km)
Repeat
Cycleb
(days)
Launched
ERS-1,2 European
Space
Agency
C 25 Stripmap 100 35 1991-
2000/1995-
2011
JERS-1 Japan
Aerospace
Exploration
Agency
L 20 Stripmap 70 44 1993-
1998
RADARSAT-
1
Canadian
Space
Agency
C 10-100 Stripmap,
ScanSAR
50-500 24 1995
SRTM NASA/JPL
&
DARA/ASI
X&C 20-30 Stripmap 30-350 11 2000
Envisat
ASAR
European
Space
Agency
C 15 - 1000 Stripmap,
ScanSAR
100-
405
35 2001-
2012
ALOS
PALSAR
Japan
Aerospace
Exploration
Agency
L 7-100 Stripmap,
ScanSAR
20-350 44 2006
TerraSAR-
X
Infoterra,
Germany
X 1-16 Stripmap,
ScanSAR,
Spotlight
15-60 11 2007
RADARSAT-
2
Canadian
Space
Agency
C 3-100 Stripmap,
ScanSAR
50-500 24 2007
RISAT Indian Space
Agency
C 2-50 Stripmap,
ScanSAR,
Spotlight
10-240 25 2009
COSMO-
SkyMedc
Agenzia
Spaziale
Italiana
X 1-100 Stripmap,
ScanSAR,
Spotlight
20-400 15 2007
a L-, C- and X- frequency band, that correspond to ∼ 23 cm, ∼ 5 cm and ∼ 3 cm wavelength
respectively
b or revisit time: interval between re-imaging the same area
c constellation of 4 satellites
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ERS-1, 2
The European Remote Sensing satellite ERS-1, launched in 1991, carried
a comprehensive payload including, among others, an imaging synthetic
aperture radar. ERS-2, which overlapped with ERS-1, was launched in
1995. Shortly after the launch of ERS-2 in 1995 ESA decided to link the
two satellites in the first ‘tandem’ mission which lasted for nine months.
This offered scientists a unique opportunity to observe changes over a very
short space of time, as both satellites orbited Earth only 24 hours apart. In
March 2000, a computer and gyro control failure led to ERS-1 finally ending
its operations, after far exceeding its planned lifetime. In July 2011, ERS-2
was retired and the process of deorbiting the satellite began.
The SAR sensors on top of the twins ERS-1 & 2 satellites transmitted
vertically polarized pulses with a central frequency of 5.3 GHz (i.e. 5.6
cm wavelength), a bandwidth of 15.55 MHz and with a Pulse Repetition
Frequency (PRF) in the range 1640-1720 Hz, and at a 785 km distance
from the earth. The width of the swath rises up to 102.5 km, with 250 km
swath stand-off to the right of the satellite track, and the incidence angle
ranging from 20.1◦ to 25.9◦ (23◦ at mid swath) in the near and far range
respectively. The SAR’s high resolution in the range direction is achieved by
phase coding the transmitted pulses with a linear chirp and compressing the
echo via matched filtering; the azimuth resolution is achieved by recording
the phase as well as the amplitude of the echoes along the flight path.
Envisat/ASAR
An Advanced Synthetic Aperture Radar (ASAR), operating at C-band on
top of the Envisat satellite platform, ensures continuity with the image mode
of the ERS-1/2 satellites. It features enhanced capability in terms of cover-
age, range of incidence angles, polarisation, and modes of operation. This
enhanced capability is possible through significant differences in the instru-
ment design: a full active array antenna equipped with distributed trans-
mit/receive modules which provides distinct transmit and receive beams, a
digital waveform generation for pulse ”chirp” generation, a block adaptive
quantisation scheme, and a ScanSAR mode of operation by beam scanning
in elevation.
In Image Mode the ASAR generates high spatial resolution products (25
m) similar to the ERS SAR. It images one of the seven swaths located over a
range of incidence angles spanning from 15◦ to 45◦ in HH or VV polarisation;
the same polarisation is used for transmit and receive (i.e., HH or VV). The
carrier frequency this time is 5,331 GHz, having a crucial 31 MHz difference
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from the corresponding ERS platform, and at a nominal reference orbit of
800 km mean altitude.
ALOS/PALSAR
ALOS is a Japanese Earth-Observation satellite, developed by JAXA, at
an orbit height of 691.65 km. The objective of the mission was to provide
the user community with data of sufficient resolution to be able to gener-
ate 1:25,000 scale maps. PALSAR (Phased Array type L-band Synthetic
Aperture Radar), on top of ALOS is an L-band (1,27 GHz) SAR offering 10
and 100 m resolutions. PALSAR has a ScanSAR observation mode, with a
swath (250-350 km) that is three to five times wider than conventional SAR
images. In the Fine mode of operation, the most commonly used under
regular operation, it has maximum ground resolution of 7 m, on 40-70 km
swaths and with the range of incidence angles spanning from 8◦ to 60◦. The
transmitted chirps have 28 MHz bandwidth and support dual polarization
modes of operation.
2.2 SAR interferometry
Radar interferometry can be broadly defined by the use of phase measure-
ments to precisely measure the relative distance to an object when imaged
by synthetic aperture radar from two or more observations separated either
in time or space. Thus, interferometric phase is simply another means for
measuring (relative) distance. The main principles of SAR interferometry
for the generation of Digital Elevation Models (DEM) and the detection and
mapping of tectonic deformation, are better conveyed with the classic Young
wave/optics experiment [Born et al., 1999].
In Young’s experiment (Figure 2.4), a monochromatic radiation point
source illuminates two separated vertical slits in an opaque screen. The slits
are very narrow and act as line sources. In general, interference occurs when
the phase of two different waves is not aligned. The observed intensity is
then the time average of the sum of the wave fields. In Young’s experiment,
the pattern of intensity variations on the observing screen is bright/dark
banding, representing constructive and destructive interference. The spacing
of fringes is determined by the slit separation distance.
Radar Interferometry, hereinafter also called Interferometric Synthetic
Aperture Radar (InSAR), is a simple extension of the Young’s interferom-
etry concept, since radar has a coherent source much like a laser. The two
SAR antennas (separated either in time or in space) act as coherent point
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Figure 2.4: Young’s experimental setup [Born et al., 1999].
sources, whose phase fronts interfere. The surface topography slices the
interference pattern, and hence the measured phase differences record the
topographic information. Subtracting this topographic information from the
interference pattern, assuming that we have a-priori knowledge of the DEM
of the area imaged by two SAR acquisitions separated in time, we obtain the
fringe pattern of crustal displacement, if any. This is called Differential In-
terferometric Synthetic Aperture Radar (DInSAR) and is further discussed
in the next section. A characteristic example of such a fringe pattern is
depicted in Figure 2.5 for the 2003 Bam earthquake.
2.2.1 Interferometry basics
Two main classes of interferometric radars are distinguished based on the
geometric configuration of the baseline vector, i.e. the vector separating the
antenna locations in the interferometric pair. These are:
• Cross-Track interferometers used for topographic and surface defor-
mation measurements whereby the antennas are nominally separated
in the cross-track direction (left in Figure 2.6). This configuration
includes both dual antenna single pass interferometers and single an-
tenna repeat pass interferometers.
• Along-Track interferometers used to measure radial velocity whereby
the antennas are separated in the along-track direction (right in Fig-
ure 2.6). This geometrical setting is applicable only for dual antenna
single pass interferometer.
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Figure 2.5: Fringe pattern of the Bam earthquake (interferogram cour-
tesy of Yuri Fialko). Mw 6.6 earthquake, on 26 December 2003 in
Bam, Iran as a result of the ongoing collision between Arabian and
Eurasian plates.
Geometry
Each pixel in a SLC SAR image corresponds to R = R0 and X = X0, where
R is the slant range and X is the azimuth or along-track position. The second
equality implies that Doppler Shift is constant, since the azimuth position
is measured through this quantity in the focusing procedure (Section 2.1).
The Doppler shift fD is given by:
fD =
2V sinµ
λ
(2.4)
, where V is the satellite speed, λ is the transmitted wavelength and µ is
the angle formed between the LOS vector to a target in the scene and the
LOS vector perpendicular to the flight path. Consequently, fD = constant
corresponds to µ = constant. The range/azimuth location locus of the
target is the intersection of a sphere (R = R0) centered at the antenna with
radius equal to the radar range and a cone (µ = µ0) with generating axis
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Figure 2.6: Types of radar interferometry.
−→
b is the baseline vector.
along the velocity vector and cone angle proportional to µ0 [Hensley et al.,
2001]. This locus corresponds to a circle. Since the intersection is a curve in
three dimensional space, further information is required in order to locate
a target uniquely. This information comes from a second SAR image and
the use of InSAR, yielding a second cone (coming from the interferometric
phase) and limiting the location locus of the target to a single point.
A typical geometric setting for SAR interferometry is depicted in Fig-
ure 2.7. Key parameter in this topology is the perpendicular baseline B⊥,
which is the baseline B component perpendicular to the LOS vector of the
second sensor. θ1 and θ2 are the incidence angles for sources SAR1 and
SAR2 to the target on the ground respectively. The heights of the ground
target and the satellite platforms from the reference ellipsoid are h and H re-
spectively. The interferometer is a sensitive geodetic system that measures
the path difference ∆R. Thus the additional information for the unique
identification of the three dimensional position of a ground target arises
from ∆R = constant, enabling precise target localization in 3D space.
Formulation
Adopting the geometry of Figure 2.7, we assume that the two SLC images
u1 (called Master) and u2 (called Slave) were acquired at different times
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Figure 2.7: Geometric parameters of a satellite interferometric SAR
system.
(repeat pass interferometry). Let the two SAR signals:
u1(R,χ) = |u1(R,χ)|ejφ1(R,χ) and u2(R,χ) = |u2(R,χ)|ejφ2(R,χ) (2.5)
An interferogram is formed by the complex multiplication:
ifg(R,χ) = u1(R,χ)u
∗
2(R,χ) = |u1(R,χ)||u2(R,χ)|ejφ(R,χ) (2.6)
with R the LOS range, χ the azimuth and ∗ represents complex conjugation.
φ(R,χ) = φ1(R,χ)−φ2(R,χ) is the interferometric phase and is proportional
to ∆R:
φ(R,χ) =
4pi
λ
∆R (2.7)
φ(R,χ) is ambiguous to within integer multiples of 2pi. This issue is ad-
dressed in the phase unwrapping Section 2.2.1. ∆R and consequently φ(R,χ)
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contain contributions of four mainly systematic components, attributed to
the different angle of view of a target lying on the curved earth, a potential
slope along the azimuth direction, the topography, and the possible ground
motion of the target. These contributions are given by the following expres-
sions:
φflat =
4pi
λ
B‖ =
4pi
λ
B⊥r
R tan(θ − ψs)
φa =
4pi
λ
B⊥α
R
sin(θ) sin(ψa)
φtopo =
4pi
λ
B⊥∆θ =
4pi
λ
B⊥h
R sin(θ − ψs)
φmotion =
4pi
λ
projLOSdhdefo
(2.8)
, where B‖ is the baseline B component parallel to the LOS vector of SAR2,
r is the range direction, α is the azimuth direction, ψs and ψa are the terrain
local slopes in the slant range and azimuth directions respectively, and dhdefo
is the height deformation of the target, due to its motion, projected to the
radar LOS. The phase terms of Equations 2.7 constitute the interferometric
phase:
φ = φflat + φa + φtopo + φmotion (2.9)
φa term corresponds to the phase contribution in the azimuth or along track
direction and is zero unless there is an azimuth oriented local slope. φflat
is present regardless of whether the terrain is sloped in the range direction
or not. This phase difference with respect to a flat surface is called the
flat surface term and is an inherent component of SAR interferometry due
to the imaging geometry. Often when looking at interferograms or prior
to unwrapping, it is desirable to remove the flat earth fringes using orbital
information, so that the resulting pattern will follow the local topography.
This process is called interferogram flattening and the resulting phase is
called the flattened phase. Assuming that there is not ground motion, i.e.
φmotion is zero, then the remaining flattened phase is basically φtopo that
results in a fringe pattern that resembles iso-height contours.
Altitude of ambiguity
Eliminating the φflat contribution in Equation 2.9 and assuming that there
is no ground motion, the topography of the scene yields fringes which hug
the topography like contour lines. Using the respective expression of Equa-
tion 2.8 the sensitivity of the interferometer in measuring the height of a
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target is derived [Bamler and Hartl, 1998]:
∂φtopo
∂h
=
∂
(
4pi
λ B⊥∆θ
)
∂h
=
∂
(
4pi
λ
B⊥h
R sin(θ−ψs)
)
∂h
=
4pi
λ
B⊥
R sin(θ − ψs) (2.10)
The altitude of ambiguity ha is a measure of the shift in altitude, be-
tween two targets, needed to produce one topographic fringe, i.e. the height
change resulting in a phase change φtopo = 2pi. It states that the higher the
perpendicular baseline component is, the better the accuracy in measuring
heights will be. Directly from Equation 2.10:
ha =
λ
2
R sin(θ − ψs)
B⊥
(2.11)
Differential InSAR
Assume that between two SAR acquisitions (repeat-pass interferometry) the
ground moved by a certain extent, due to an earthquake. This ground dis-
placement is measurable by the interferometer, as described by Equations 2.9
and 2.8. In order to isolate component φmotion, φflat and φtopo should be es-
timated and eliminated from the total measured interferometric phase. The
first term is easily calculated by considering the relative position of the two
SAR sensors, whereas the second term can be derived with a priori knowl-
edge of the DEM of the imaged scene. Therefore, using knowledge from an
existing DEM, the topographic fringes can be simulated and subtracted from
the overall phase, allowing the direct estimation of φmotion. This procedure
is called Differential Interferometric Synthetic Aperture Radar (DInSAR)
and has various applications in measuring the displacement and the defor-
mation of the earth’s surface, as thoroughly elaborated by Massonnet and
Feigl [1998] in their classic article, published in the scientific journal Reviews
of Geophysics.
Phase unwrapping
Interferometric phase defined in Equation 2.7 is ambiguous, as only the
non integer part of the phase is measured. This essentially means that for
φ = 31pi/3, the SAR interferometer is able to measure only the pi/3 part
(φ = 5∗2pi+pi/3) of the phase. Thus the interferometric phase is referred to
as wrapped modulo 2pi. In order to retrieve the ambiguous integer multiples
of 2pi for height estimation or measuring crustal deformation, a procedure
called phase unwrapping must be applied. This is a rather complex proce-
dure and multi ple algorithms have been developed to cope with the com-
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plexity of phase unwrapping. Personal experience in processing SAR data
for interferometric applications has revealed that the PU processing stage
is the most common and severe error source encountered. Annex A con-
tains the prevailing techniques and methodologies in literature, along with
specific examples on simulated data, aiming at the enhanced understanding
of the main unwrapping concepts and rules. What is crucial to convey at
this point, in terms of the various techniques that have been developed, is
that phase unwrapping retrieves the ‘full’ phase cycles relative to a point or
area in the interferogram. These are named reference point and reference
area respectively. In order to estimate the actual deformation field in the
imaged scene, a-priori information about the local deformation regime in
the reference point/area is required.
Interferometric error sources
In real-life scenarios, the situation is not as ideal as implied by Equation 2.9.
Thematic inconsistencies are occasionally introduced into interferometric
products and are a result of various error sources. The origin of the most
common errors is:
• Interferometric decorrelation, which is thoroughly discussed in Sec-
tion 2.2.3.
• Layover and shadow in radar imagery from the slant range geometry,
discussed in Section 2.1.1.
• Multiple scattering within and among resolution cells.
• Range and azimuth sidelobes due to bandwidth/resolution constraints.
• Multipath and channel cross-talk noise as low-level interference.
• Phase unwrapping errors, explained in section 2.2.1.
• Calibration errors of the SAR sensors.
2.2.2 Interferometric applications
This section provides a brief presentation of the main interferometric appli-
cations that have been widely showcased by the involved research commu-
nity.
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DEM reconstruction
A DEM represents the reconstruction of the height of the surface of a selected
region. Such surfaces may also include urban and forested areas, where
the tops of buildings or trees are respectively represented. The product is
generated over a regular grid of equidistant points, where the corresponding
height is a measure of the average height within the cell. Taking advantage
of interferometric techniques it is possible to generate high quality DEM in
a semi-automated fashion [sarmap et al., 2007].
The basic idea for the generation of DEM products is the conversion
of interferometric phase information, derived from two SAR acquisitions at
different dates and from slightly different orbital positions, into heights. In
order to obtain accurate products the SAR data must go through a ded-
icated processing chain, which carries out data focussing, interferometric
processing, georeferencing and finally mosaicing.
The first applications related to a single-pass system mounted on an
aircraft were published by Zebker and Goldstein [1986]. The feasibility of
surface reconstruction by means of a repeat-pass satellite system was soon
confirmed using SIR-B data [Gabriel and Goldstein, 1988] and the first sen-
sitivity analysis was then presented in 1990 [Li and Goldstein, 1990]. With
the launch of ERS-1 in July 1991, an ever-growing collection of interferomet-
ric data became available to many research groups. The advent of ERS-2 in
April 1995 and the start of the so-called ‘Tandem Mission’ in August was re-
garded as a real breakthrough towards an extensive use of InSAR techniques
for topography estimation [Fletcher et al., 2007].
The achievable resolution with ERS-Tandem data is up to 25 m on the
horizontal plane (x-y), while the achievable height accuracy is 5-8 m in flat-
moderate rolling areas, 10-15 m in steep topography areas and the worst
accuracy is encountered in large forested or water areas, where the DEM
may be reconstructed by interpolation.
Several large-scale DEM estimation projects have been set up using Tan-
dem data. The subject has gained increased popularity after the SRTM
mission, described in Section 2.1.2, when the first single-pass radar interfer-
ometer in space flew on board the Space Shuttle in February 2000. Figure 2.8
shown an example of a DEM generated from SRTM data, covering parts of
Greece, mainly the prefectures of Attica and Peloponnese.
Since the SRTM mission, several novel techniques have been developed
that exploit new sensor SAR data and implement state-of-the-art algorithms
to generate highly accurate DEMs. Such an innovative method is applied in
this thesis via the use of ERS and Envisat tandem mission (see Section 3.4
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Figure 2.8: An example of SRTM-based DEM, covering the prefectures
of Attica and Peloponnese.
for more information).
Deformation monitoring
There are numerous applications for DInSAR products most of which are
well described by Massonnet and Feigl [1998]. Since the scope of this thesis
is to highlight and showcase several deformation monitoring scenarios for
Greece, herein only the main categories are referenced. Following a classifi-
cation scheme based on crustal deformation by rate and duration of different
phenomena, the core application areas are:
• earthquakes (Sections 3.2 and 3.3),
• volcanoes (Chapter 5),
• land subsidence and subtle deformation (Chapter 4),
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• anthropogenic deformation and building sinking (Chapter 4),
• glacier motion, and
• landslides.
2.2.3 Signal decorrelation - Spectral shift principle
There are a number of factors affecting the accuracy of the measurements
described by Equation set 2.8. These factors are called sources of signal
decorrelation and are namely: temporal, noise, atmospheric, and geometrical
decorrelation [Zebker and Villasenor, 1992]. A measure of the magnitude of
the decorrelation occurring is given by the complex correlation coefficient or
coherence of the two SAR images. Hence, given the formulation 2.5:
γ =
E[u1u
?
2]√
E[|u1|2]E[|u2|2]
(2.12)
Coherence γ takes values in the range [0 1], one showing fully coherent
signals whilst zero accounts for total decorrelation.
Temporal, atmospheric, tropospheric and noise decorrelation
This type of decorrelation is induced from the fact that the measured inter-
ferometric phase includes four additional components to the ones revealed
in Equation 2.8. The first phase component is related to the temporal vari-
ation of the scattering characteristics of the scene’s targets due to weather,
moisture and temperature changes between the two SAR acquisitions. The
second contribution is the atmospheric phase delay caused by different hu-
midity, temperature and pressure between the two SAR image takes. Addi-
tionally, the changes occurring in the troposphere alter the electromagnetic
path between the target and the sensor, a further decorrelation source. It
should be noted that both atmospheric and tropospheric variations show
a strong spatial correlation, i.e. targets close to each other present similar
decorrelation patterns. Finally, noise decorrelation is related to the different
receivers used for the two sensors, implying slightly different processing to
produce the SLC images. Most of these types of decorrelation sources are
evident in Figure 2.9.
Geometrical decorrelation
In Section 2.2.1, the formulation for the interferometric phase was derived
under the assumption of point targets. But what happens when there is
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Figure 2.9: Differential interferogram at the Gulf of Corinth, Greece.
The effect of atmospheric/troposheric decorrelation in the interfero-
metric signal are clear. Notice the spatial correlation of the fringe
patterns.
more than one target within the resolution cell or there is a single distributed
target with non-zero dimensions? Then, additional sources of decorrelation
appear, namely baseline, volume and azimuth decorrelation.
Having as a starting point a single SLC image, as inferred from Equa-
tion 2.2 the slant range resolution ∆RLOS is inversely proportional to the
signal bandwidth B. Thus, the slant range reflectivity spectra (2-D Fourier
transform along the ground range and the height direction) will have an
extent of B. The actual spectrum of the echo has two discrete contributions
with different extent, though. This is because the targets contributing in the
reflectivity spectrum lay on the ground range and on the height direction
and not in the slant range. Thus, the ground range Bg and height spectrum
Bh have respectively a finite bandwidth of:
Bg = B sin(θ − ψs)
Bh = B cos(θ − ψs)
(2.13)
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θ being the incidence angle and ψs the local terrain slope in the slant range
direction, yielding a ground range resolution ∆Rg and height resolution ∆Rh
of:
∆Rg =
c
2Bg
∆Rh =
c
2Bh
(2.14)
Depending on the incidence angle and the local slope, the received SAR
image contains a certain part of the ground range reflectivity spectrum and
a certain part of the height reflectivity spectrum. This is shown in the left
subplot of Figure 2.10, where s is the slant range direction, y the ground
range, z the height and x the azimuth. The figure conveys that the SAR
sensor acquires only a single slice of the total object’s reflectivity spectrum
(within a resolution cell). In order to fully reconstruct the 3D object, more
slices of the total spectrum must be acquired, i.e. a second SAR image will
alter the angle θ − ψs in Figure 2.10, and thus another slice of the object’s
spectrum will be obtained.
fgfχ
fh
θ − ψs
fs
B
2
λ
2
λ
fgfχ
fh
θ1 − ψs
fs2
∆fs1 fs1
θ2 − ψs
∆fs2
measured ground specturm of image 1
measured ground specturm of image 2
common part of the spectra
Figure 2.10: (left) SAR imaging model in the Fourier domain, showing
the slice B of the object sepcturm in the (fg, fh)-plane that is trans-
ferred to the SAR image. A rect-shaped range system transfer function
of bandwidth B is assumed along the slant range fs direction. Modified
from Bamler and Hartl [1998]. (right) The spectral shift principle in
the frequency domain. Due to the slight change in the look angle, dif-
ferent parts of the ground object spectrum are measured by the sensor.
Modified from Guillaso et al. [2006].
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Surface scattering
The above can be investigated more easily by using the equivalent wavenum-
ber representation [Gatelli et al., 1994]. The relation between the radar
signal frequency f and the ground wavenumber kg is:
kg =
4pif
c
sin(θ − ψs) (2.15)
Assuming we have two SAR images and all the targets lie in the sur-
face of the earth (i.e. no height variation within the resolution cell, but
only the local slope is taken into account) then their corresponding ground
wavenumbers will be different since the angle of incidence has changed. This
will introduce a frequency shift ∆fs (right subplot of Figure 2.10) a phe-
nomenon called the wavenumber shift or spectral shift [Gatelli et al., 1994].
The spectral shift is derived from Equation 2.15 as:
∆fs = − cB⊥
λR2 tan(θ − ψs) (2.16)
with R2 being the Slave to target distance. The above equation states
that by changing the SAR looking angle, the backscattered signal contains
different spectral components of the ground reflectivity spectrum. There is
a common band in the two spectra where the same components are imaged,
but there are also non common parts, which contain different information.
Concerning SAR interferometry, the interferogram’s spectrum is the lin-
ear cross correlation of the Master and the Slave spectra. When these two
scenes are combined, the common parts of the spectra give the useful inter-
ferometric phase, whereas when the non-common part are cross correlated,
decorrelation noise appears in the interferogram. This phenomenon is called
baseline decorrelation. Total decorrelation occurs when the spectral shift
∆fs is equal to the system bandwidth B, thus there is no common part in
the reflectivity spectra of the two scenes at all. The condition for coherent
interferometry with surface scattering present is:
∆fs  B (2.17)
The critical baseline for total loss of coherence is then:
|Bcritical⊥ | =
∣∣∣∣∣BR2 tan(θ − ψs)c
∣∣∣∣∣ (2.18)
For ERS-1,2 satellite platforms, |Bcritical⊥ | = 1100m. The coherence in-
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dex for surface scattering is then:
γsurface = 1− B⊥
Bcritical⊥
= 1− ∆fs
B
(2.19)
The spectral shift principle is revisited in Annex B, where a number of
innovative applications are described.
Volume scattering
So far only scatterers lying in the ground plane were considered. Assum-
ing that there are stable scatterers within a resolution cell (i.e. no temporal
decorrelation) having a uniform probability density within a box of length
∆g along ground and height ∆h, then the radar returns will combine with
different phases as incidence angle changes. Moving to the wavenumber do-
main with the corresponding ground range kg and elevation kh wavenumbers,
the rate ∆kh is given by:
∆kh =
4picB⊥
cλR2 sin(θ − ψs) =
2pi
ha
(2.20)
where ha is the altitude of ambiguity defined in Equation 2.11. The co-
herence of the interferometric surveys depends on the spectral correlation
between the measurements kh and kh + ∆kh, assuming, a box with a fi-
nite volume and a nonzero value of ∆h. The following spectral correlation
function applies [Gatelli et al., 1994]:
sin(∆kh∆h/2)
∆kh∆h/2
(2.21)
Whenever ∆h 2pi/∆kh, the volumetric decorrelation can be neglected.
Using Equation 2.20 the condition for coherent interferometry with volume
scattering present is:
∆h ha (2.22)
Therefore, the critical height variation of the scatterers in the resolution
cell for total loss of coherence is:
∆hcritical = ha =
λ
2
R2 sin θ
B⊥
(2.23)
For ERS-1,2 satellites with a normal baseline of 250 m, total loss of
coherence is expected for ∆hcritical = 38m, within the resolution cell.
The above analysis assumed that stable scatterers have a uniform proba-
bility density within a box. For Gaussian distribution of the heights (usually
this is the case in urban areas), with dispersion σh, the coherence is [Fletcher
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et al., 2007]:
γvolume = 1− 2pi2
(σh
ha
)2
(2.24)
Azimuth decorrelation
The azimuth Doppler spectra of the two passes must have sufficient over-
lap (Figure 2.11), i.e. the two surveys must image the scene under the same
squint angle. The squint angle ω is the angle formed by the maximum gain
direction of the antenna’s illumination pattern and the LOS vector perpen-
dicular to the flight path.
Figure 2.11: Example of two shifted SLC SAR azimuth spectra com-
prising an interferometric pair. Real ERS-2 data over Athens, Greece.
The Doppler Centroid is the frequency in Hz where the normalised
magnitude of the azimuth spectrum is maximum.
The Doppler Centroid (DC) is the Doppler shift of a target when the
LOS vector is normal to the flight path. If the SAR antenna was pointing
directly to the target the shift would be zero. In practice:
fDC =
2V
λ
sinω (2.25)
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with ω being the squint angle and V the velocity of the sensor. In repeat
pass interferometry, due to a change in the squint angle, i.e. variation in
antenna pointing, two shifted reflectivity spectra are observed in the azimuth
direction, therefore decorrelation occurs when the two SLC images have
different fDC . The critical value of ∆fDC , when total decorrelation occurs
is:
∆f criticalDC = PRF (2.26)
where PRF is the Pulse Repetition Frequency of the transmitted signal.
Under this condition, the azimuth reflectivity spectra have no common band
at all. Hence, the coherence for azimuth decorrelation is given by:
γazimuth = 1− ∆fDC
PRF
(2.27)
Total coherence estimation
The total interferometric coherence for two SAR scenes is the product of the
contributing factors mentioned above:
γtotal = γtemporal · γtroposheric · γatmospheric · γnoise · γsurface · γvolume · γazimuth
(2.28)
and in practice is strongly dependent mainly on the perpendicular baseline
B⊥ and the temporal baseline T (i.e. the time period between the two
acquisitions) in repeat-pass interferometry.
2.3 Multi-interferogram techniques
DInSAR, discussed in Section 2.2, relies on the processing of two SAR images
gathered at different times on the same target area [Gabriel et al., 1989;
Massonnet and Feigl, 1998; Zebker and Goldstein, 1986] to detect phase shift
related to surface deformations occurring between the two acquisitions.
Persistent Scatter Interferometry, PSI hereinafter, on the other hand,
is based on the use of a long series of co-registered, multi-temporal SAR
imagery and employing sophisticated multi-interferogram techniques. PSI
techniques are the Permanent Scatterers InSAR (PSInSAR by Ferretti et al.
[2000b, 2001]), the SqueeSAR by Ferretti et al. [2011], the Stanford Method
for Persistent Scatterers (StaMPS by Hooper et al. [2004]), the Interfero-
metric Point Target Analysis (IPTA by Strozzi et al. [2006]; Werner et al.
[2003]), Coherence Pixel Technique (CPT by Mora et al. [2003]), Small
BAseline Subset (SBAS by Berardino et al. [2002]; Lanari et al. [2004]),
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the Persistent Scatterer Pairs (PSP, by Costantini et al. [2008]) and the
quasi-PS technique (QPS by Perissin and Wang [2012]).
Therefore, rapid advances in both remote sensing sensors and data pro-
cessing algorithms have allowed reaching significant results in recent years,
underscored by numerous emerging applications. In particular, multi-interferograms
SAR Interferometry methods have been applied to measure motions of tec-
tonic origin [Colesanti et al., 2003d], quantifying displacement in landslides,
including studies of slow-moving landslides [Lu et al., 2012; Righini et al.,
2012], measuring inflation and deflation occurring in active volcanoes as a
result of magma intrusion [Hooper et al., 2007], monitoring known seismic
faults [Colesanti et al., 2000], revealing creep phenomena [Dehls et al., 2002],
monitoring slow mass movements in the framework of a wide area PSI analy-
sis [Allievi et al., 2003; Meisina et al., 2007], estimating subsidence and uplift
in highly urbanized areas [Osmanog˘lu et al., 2011], observing coal mining
subsidence [Chul and Min, 2005] and validation of the observed deforma-
tion [Raucoules et al., 2009], identifying precursory motions before build-
ing collapses [Ferretti et al., 2000a] and performing stability assessment of
the buildings towards estimating hazard [Perski et al., 2007], and spotting
time-uniform and seasonal ground deformation phenomena [Colesanti et al.,
2003b].
The multi-image Persistent Scatterers SAR Interferometry technique has
shown its capability to provide information about ground deformations over
wide areas with millimetric precision, making this approach suitable for both
regional and slope scale mass movements investigations. Through a statisti-
cal analysis of the signals backscattered from a network of individual, phase
coherent targets, this approach retrieves estimates of the displacements oc-
curring between different acquisitions by distinguishing the phase shift re-
lated to ground motions from the phase component, due to atmosphere,
topography and noise [Tofani et al., 2013].
This section summarizes three basic multi-interferogram techniques that
produced ground displacement rates, namely interferometric stacking [Ze-
bker et al., 1997], PSInSAR [Ferretti et al., 2000b] and SBAS [Berardino
et al., 2002].
2.3.1 Stacking
Interferogram images derived from repeat-pass space-borne SAR systems
exhibit artifacts due to the time and space variations of atmospheric water
vapor. Other tropospheric variations, such as pressure and temperature, also
induce distortions, but the effects are smaller in magnitude and more evenly
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distributed throughout the interferogram than the wet troposphere term.
Following the realization that atmospheric effects on signal phase values are
significant, a method emerged [Zebker et al., 1997] that sought to mitigate
this effect by ‘averaging’ data within multiple interferograms. This process
is referred to as Interferogram Stacking. By averaging the data in a stack of
interferograms, the Signal to Noise Ratio (SNR) values are enhanced and,
theoretically, it is easier to extract information on displacement over longer
periods of time than are realistic for single interferogram DInSAR.
In a similar approach proposed by Sandwell and Price [1998] that avoids
phase unwrapping, each interferogram of a series is first derived (i.e. the gra-
dients of the phase are computed). The phase gradients are then scaled ac-
cording to the orbital separation in order to reach a normalised topographic
sensitivity. After being scaled, the gradients of the series are stacked and
averaged. At this stage the topographic contribution to the interferometric
information can be removed using a priori knowledge. During this oper-
ation, one may reasonably hope that atmospheric residuals are efficiently
attenuated and that their averaged gradient is close to zero. The average
interferogram is then reconstructed by integration Fletcher et al. [2007].
Following the implementation adopted by Gamma Remote Sensing com-
pany [GAMMA, 2008a] stacking is used to estimate the linear rate of dif-
ferential phase using a set of unwrapped differential interferograms. The
individual interferogram phases are weighted by the interferometric time
interval in estimating the phase rate. The underlying assumption is that at-
mospheric statistics are stationary from one observation to the next. Hence,
the standard deviation of the per pixel phase rate φ˙i derived from a single
interferogram is proportional to 1/∆T :
σ(φ˙i) =
σ(φi)
∆Ti
, i = 1, 2, ..., N (2.29)
where φi is the unwrapped phase of interferogram i, ∆T is the interfer-
ometric time interval or temporal baseline and N is the total number of
interferograms in the stack. As ∆T increases the uncertainly in the phase
rate in the individual interferogram decreases. The estimate of the mean
phase rate φ˙mean from the stack at each location in the interferogram is
given then by:
φ˙mean =
λ
4pi
·
N∑
i=1
wiφi
N∑
i=1
wi
(rad/year) (2.30)
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The weights wi are derived from the time intervals ∆Ti of the individual
interferograms:
wi = ∆T
2
i (2.31)
Hence, the standard deviation of the estimate of φ˙mean is given by:
σ(φ˙mean) =
√√√√√√√√ 1N
N∑
i=1
(
w2i
( φi
∆Ti
− φ˙mean
)2)
N∑
i=1
w2i
(2.32)
while the standard deviation of the phase values is determined by subtracting
the phase contribution due to the estimated phase rate:
σ(φ) =
√√√√ 1
N
N∑
i=1
(
φi − φ˙mean ·∆Ti
)2
(2.33)
The phase measurement must be relative to a spatial reference point
since unwrapped interferograms are used in this approach. Typically the
error of the phase rate φ˙mean will increase with increasing distance from the
reference point, as the contribution of the phase errors due to atmosphere
and baseline error increases.
It should be mentioned, however, that certain assumptions are implied
in interferometric stacking [TRE, 2013]:
1. The displacement rate of the area of interest is assumed to be constant
in time. In reality, such an assumption has limited validity. Multi-
ple interferograms usually describe ground movement over time spans
measured in years. Apart from tectonic deformation, linear movement
over such time periods is not common.
2. The data are heavily filtered, spatially, before the stacking procedure
is implemented. Not only does this reduce the resolution but also
prompts the loss of potentially valuable data contained in ‘isolated’
pixels with high SNR values, and it also smoothes out abrupt changes
in displacement, e.g. seismic faults.
3. The atmospheric contribution to signal phase is not estimated. Thereby,
no assessment is possible on the quality of the filtering procedure.
4. Typically, stacking procedures are only applied using interferograms
with short perpendicular baseline. As a result, substantial quantities of
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information that can be found from within interferograms with longer
baselines are overlooked.
Therefore, while interferogram stacking provides better information com-
pared to DInSAR, the approach is far from optimal, particularly because
deformation cannot be considered constant in time. PSI techniques on the
other hand, elaborated in the following Sections 2.3.2 and 2.3.3, attempt to
overcome the problems discussed above.
2.3.2 Persistent Scatterer Interferometry: PSInSAR
In Differential Interferometry the goal is to estimate the displacement of the
earth’s surface between two surveys. This can be rather tricky as besides the
deterministic terms mentioned in Equations 2.8 there are additional phase
contributions. Three main sources of phase ambiguity are:
• Tropospheric and atmospheric decorrelation,
• errors in the DEM and the sensor orbit state vectors, used to remove
the topographic contribution φtopo and the flat earth component φflat,
and
• phase contributions related to noise, temporal and geometrical decor-
relation.
PSInSAR is a method to estimate and isolate the above components,
allowing the retrieval of the displacement field. This is done via a multi-
interferogram approach using pre-selected pixels. These pixels are stable
point-wise targets, called Permanent Scatterers (PS), whose scattering char-
acteristics remain unchanged through time and present reduced temporal
and geometrical decorrelation. The use of a time series of interferograms al-
lows the estimation of the elevation error in the DEM and the motion of the
target. Subtracting these terms from the measured phase one can estimate
the long wavelength atmospheric contribution and the error in the sensor
orbit state vectors. On these stable pixels, sub-meter DEM accuracy and
millimetric terrain motion detection can be achieved. The PSs act, there-
fore, as a natural GPS network capable of monitoring sliding areas, urban
subsidence, seismic faults and volcanoes.
In Section 2.3.2, a brief overview of the main processing steps employed in
the PSInSAR approach are presented. More details, however, can be found
in Ferretti et al. [2000b, 2001]). Section 2.3.2 elaborates on the process that
needs to be followed to determine the single Master SAR image that will be
used throughout the interferometric processing.
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PSInSAR methodology
Conventional PSInSAR technique detects point-wise targets in the scene
that experience slow and constant deformation rate through time (constant
velocity model). This approach is preferable to use when an extended area
must be examined for possible displacement. If a small part of the scene
undergoes significant deformation, then the non-linear version of the tech-
nique should be applied to search for non-linear motion of the targets. The
main processing steps in the PSInSAR methodology are presented herein:
Step 1: Interferogram formulation
Given N + 1 SAR images, N full resolution interferograms are formed
with respect to the same Master image.
Step 2: Zero-baseline steering
Given the corresponding DEM of the imaged scene and the sensor or-
bit state vectors the N interferograms are re-phased to compensate for the
deterministic geometric phase contribution of Equation 2.8 (excluding the
φmotion component), as if the Slave scenes were taken from the same Master
orbit. Hence, N differential interferograms are generated [Ferretti et al.,
1997].
Step 3: Permanent Scatterers Candidates selection
A subset of the image pixels are selected in order to estimate their atmo-
spheric phase contribution. The main criterion in this selection is to identify
the most promising stable targets, named Permanent Scatterers Candidates
(PSC). Thus, the time series of the amplitude values of each pixel in the
area of interest is analyzed, looking for stable scatterers. An estimator of
the pixel amplitude stability (and hence of its phase stability) is the disper-
sion index:
DA =
σA
mA
(2.34)
where mA and σA are the mean and the standard deviation of the amplitude
values. Those pixels that exhibit a dispersion index below a given threshold
are selected as PSCs.
Step 4: Tiles formation
The scene under study is divided into tiles with much smaller dimen-
sions (approximately 4 km2). In such a small area the atmospheric phase
contribution can be considered to be spatially linear.
Step 5: Problem formulation
After zero-baseline steering (step 2), the interferometric phase at each
PSC (step 3) and at each tile (Step 4), for the N interferograms available,
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is modeled as follows:
∆Φk,m = α+ pξξ + pηη +B⊥∆h+ Tv + w (2.35)
where
∆Φk,m is the interferometric phase of the m
th permanent scatterer candidate
in the kth interferogram;
ξ is the azimuth direction;
η is the slant range direction;
α are constant phase values;
pξξ and pηη are the slope values for azimuth and slant range respectively,
accounting for the linear phase atmospheric contribution and orbital errors
(phase ramp);
B⊥ are the perpendicular baselines;
∆h is the height error in the used DEM or the actual height of the scatterer
if volume scattering is considered (e.g. in urban areas);
T are the temporal baselines;
v contains the deformation rates (velocity) of the corresponding PSC and
at this stage is considered to be constant (constant velocity model);
w contains the phase residues.
Phase residues w include phase noise due to temporal and geometri-
cal decorrelation, as well as important signal components. These are the
possible non-linear motion of the PSC (deviation from the constant velocity
model) and the atmospheric phase residues, which are different from a phase
ramp.
Step 6: System solution
Expression 2.35 is a non-linear system of equations, since phase values
are wrapped modulo 2pi. It can be solved by means of an iterative algorithm,
by maximizing the coherence index:
γ =
1
L
L∑
l=1
e−jζl (2.36)
where L are the data samples and ζl is the unknown vector that needs to be
defined. In this case unknowns are α, pξξ, pηη,∆h, and v. Data are ∆Φk,m,
ξ, η, B⊥ and T . This non-linear system is solved in an iterative algorithm
that uses periodograms [Ferretti et al., 2001]. A series of thresholds for
algorithmic convergence apply. The iteration begins with the shortest B⊥
and T available. These baselines give a rough estimate of the unknowns
∆h and v. More precise estimates arise subsequently for larger normal and
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temporal baselines.
Step 7: Atmospheric Phase Screen estimation
The remaining phase residuals w indicate atmospheric components that
are different from a phase ramp, along with noise. Taking into account
the strong spatial correlation of the atmospheric phase contributions, the
Atmospheric Phase Screen (APS) is derived for the whole tile using kriging
interpolation. This filtering process combines the linear atmospheric parts
pξ and pη with the residual phase w, smoothing them spatially (excluding
noise) and interpolating them to the whole uniform grid (tile).
Step 8: PS selection and final DEM error and velocity estimation
Once the APS has been estimated and resampled on the uniform grid,
interferometric data can be detrended from this unwelcome atmospheric
contribution. In this stage, the final DEM errors and velocities can be
calculated again on a pixel-by-pixel basis, allowing for more PSs to appear,
since the phase stability index of many PSs cannot be inferred directly from
the amplitude stability index. The goal is again to maximize the following
coherence index:
γm =
1
N
N∑
k=1
e
{
j∆Φˆ
(n)
k,m−jB⊥∆h
(n)
m −jTkv(n)m
}
(2.37)
where Φˆ
(n)
k,m is the interferometric phase after APS removal and m corre-
sponds to all pixels in the tile under investigation and where (n) represents
the iteration step. Converged pixels with γm above a certain threshold are
kept as PSs.
In Ferretti et al. [2000b] an extension of conventional PSInSAR technique
is presented, which allows the integration to the analysis of non-linear tar-
get motion and, therefore, monitor seasonal effects. Apart from the slightly
different problem formulation (Expression 2.35), the main algorithmic mod-
ifications are the need to unwrap the phase differences in PSCs (less than
2 km apart), and the a new filtering step before APS estimation to extract
non-linear motion.
Finally, it should be mentioned that the approach proposed by Ferretti
et al. [2001] relies on a temporal model of deformation and underperform
when studying rural areas, or when spatially isolated but severe deformation
occurs. Hooper et al. [2004] proposes a model relying on correlation in space
that overcomes these shortcomings. In this approach estimates are derived
by iterative spatial bandpass filtering.
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Master selection
The use of a single Master image implies that the temporal, geometrical,
and/or Doppler baseline (difference in Doppler centroid frequency) will be
large for a number of interferograms, leading to decorrelation of targets
that have a distributed scattering mechanism. This may cause difficulties
in the coregistration because standard algorithms require a certain level of
coherence.
PSI processing involves the selection of a common Master scene to be
used for forming the differential interferograms. The most favourable Master
scene must encompass three main characteristics:
• uniform distribution of perpendicular baselines, i.e. the Master image
is selected such that the dispersion of the perpendicular baselines is as
low as possible [Colesanti et al., 2003a]
• non-dominating atmospheric signal contribution and,
• reduced temporal and geometrical decorrelation.
The latter criterion in the Master selection process requires the maxima-
sation of the expected coherence of the interferometric stack, which facili-
tates visual interpretation of the interferograms and aids quality assessment.
This is done via Equations 2.38 and 2.39 as explained by Kampes [2006].
The stack coherence for a stack with Master m is defined as:
γm =
1
K
K∑
k=0
(
g
(
Bk,m⊥ , 1200
)
× g
(
T k,m, 5
)
× g
(
fk,mdc , 1380
))
, (2.38)
where
g(x, c) =
{
1− |x|c , if |x| < c
0, otherwise
(2.39)
and Bk,m⊥ is the perpendicular baseline between images m and k at the center
of the image, T k,m the temporal baseline (in years), and fk,mdc the Doppler
baseline (the mean Doppler centroid frequency difference). The divisor c in
Equation 2.39 can be regarded as a critical baseline for which total decorre-
lation is expected for targets with a distributed scattering mechanism. The
values given in Equation 2.38 are typical for ERS and Envisat satellites, and
they can be easily adapted to any other sensor with a different wavelength,
look angle, and/or bandwidth.
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2.3.3 Persistent Scatterer Interferometry: SBAS
Complementary to PSInSAR in the PSI family of methodologies is the SBAS
approach. The basic SBAS technique has been originally developed to in-
vestigate large spatial scale displacements with relatively low resolution, by
using low-pass filtered (multilook) DInSAR interferograms. The key point
of the technique, is that the data pairs involved in the generation of the
interferograms are properly selected in order to minimize the spatial, tem-
poral and Doppler separation (baseline) between the acquisition orbits, thus
mitigating the decorrelation phenomena. Figure 2.12 depicts the different
interferometric networks formed by PSInSAR and SBAS algorithms, mov-
ing from single Master interferograms to short baseline interferometric pairs
respectively.
Date
B⊥
Date
B⊥
PSInSAR SBAS
Figure 2.12: Interferogram networks in PSInSAR (left) and SBAS
(right).
SBAS methodology
The SBAS technique satisfies two key requirements: to increase the ‘tem-
poral sampling rate’ by using all the acquisitions included in the different
small baseline subsets and to preserve the capabilities of the system to pro-
vide spatially dense deformation maps, the latter being a key issue of con-
ventional DInSAR interferometry. The main processing steps in the SBAS
methodology are briefly presented herein:
Step 1: SAR image pairs selection
Interferograms formed between image pairs that have small perpendicu-
lar, temporal and Doppler baselines.
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Step 2: Interferograms generation
The interferograms are formed in a conventional way by applying spec-
tral filtering to discard non-overlapping bandwidth. The interferograms are
then ‘multilooked’ aiming at increasing SNR in all pixels. It should be men-
tioned that the core SBAS algorithm has been enhanced with capabilities of
processing single-look images, achieving the identification of isolated stable
pixels in full SAR sensor resolution [Hooper, 2008].
Step 3: Phase unwrapping
Standard two dimensional methods (Annex A) are employed. Redun-
dancy in the available small baseline network allows checking for unwrapping
errors.
Step 4: Identification of coherent pixels and phase detrending
The algorithm first implements a selection of the coherent pixels in which
the noise effects can be assumed negligible. On these pixels a decoupling of
the deformation signal component from the undesired patterns, referred to
as topographic and atmospheric artifacts, is carried out by exploiting the
characteristics of these patterns. In particular, the interferometric phase
component relevant to the topographic artifacts is correlated with the vec-
tor of the perpendicular baselines component with respect to the radar line
of sight of the interferograms sequence; moreover, the atmospheric phase sig-
nals are highly correlated in space but poorly in time. Based on these char-
acteristics, the SBAS procedure performs an estimation of these undesired
signals that are subsequently filtered out from the measured interferometric
phases [Lanari et al., 2007].
Step 5: Inversion
The deformation time-series are extracted from the phase data through
some form of inversion technique. Several methods have been proposed in
this direction, among which are the Singular Value Decomposition method
[Berardino et al., 2002], least squares [Biggs et al., 2007; Schmidt and Bo¨rgmann,
2003] and constrained least squares [Doin et al., 2011] approaches.

Chapter3
InSAR applications
Interferometric SAR has introduced a new era in the field of active remote
sensing for monitoring geophysical phenomena and for the development of
innovative geodetic applications. Hence, this chapter is dedicated to the
implementation of InSAR techniques and methods for selected events and
locations in Greece, aiming at highlighting the added-value that can be
generated from the intergraded use of interferometric products with well-
established geophysical and geodetic tools.
The chapter begins with Section 3.1, devoted to the brief presentation of
the adopted interferometric processing chain, along with the main software
components that were used. Then, Section 3.2 focuses on the displace-
ment along the Mornos aqueduct, which occurred following the Athens 1999
earthquake, measured with interferometric stacking and validated with lev-
eling data. Interferometric stacking was also used for estimating the ground
deformation for the 2008 Movri earthquake in north-west Peloponnese (Sec-
tion 3.3), which in conjunction with a displacement dislocation model based
on aftershock seismicity led to a series of geophysical conclusions. Finally,
Section 3.4 presents the entire process for generating highly accurate DEMs
using state-of-the-art cross-interferometry techniques from ERS and Envisat
SAR imagery.
3.1 Processing strategy
This section outlines the basic processing chain for the generation of inter-
ferometric products and the software packages that were used to implement
this chain. Deviations from this processing scheme are explicitly mentioned
in the subsequent sections that focus on specific geophysical and geodetic
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applications.
3.1.1 Processing chain
The basic interferometric processing chain consists of three basic process-
ing stages, namely the pre-, core- and post-processing phases. These are
depicted in Figure 3.1 and briefly explained in hereinafter. It is important
to state, however, that after each of the processing steps presented in the
indicative list of Figure 3.1, thorough quality control of the intermediate
products is required.
Pre-processing
The pre-processing phase commences by ordering SAR data from an ap-
propriate supplier, usually from EOLi1 stand alone application, which is
ESA’s client for Earth Observation (EO) catalogue and ordering services.
Using EOLi, one can browse the metadata and preview images of EO data
acquired by the satellites Envisat, ERS, Landsat, IKONOS, DMC, ALOS,
SPOT, Kompsat, Proba, IRS and SCISAT. After identifying the required
data, scientific users with a registered account can order or download prod-
ucts of various processing levels. It should be noted that selection of suit-
able interferometric SAR pairs, complying with the requirements set in Sec-
tion 2.2.3 is crucial at this stage. Although EOli provides the necessary
tools to show the available perpendicular baselines and Doppler Centroid
differences, DESCW2 (Display Earth remote sensing Swath Coverage for
Windows), a multi-mission software tool created also by ESA to allow se-
lecting and ordering remote sensing products, can be alternatively used.
However, the software has been dismissed by ESA in June 2012.
Acquiring raw SAR data implies that there is a need to perform SAR
focusing to generate SLC imagery. Focusing, usually, entails extraction of
image parameters from the metadata, range spectrum estimation, missing
line detection and correction, Doppler ambiguity resolution, Doppler Cen-
troid estimation, radio frequency interference filtering and most importantly
range and azimuth compression. The output SLC imagery are then ra-
diometrically calibrated, accounting for range spreading loss, antenna gain
and normalization reference area corrections. Appropriate external auxil-
iary files are thus required to apply the calibration step, e.g. for Envisat
ASAR a dedicated portal is maintained that grants unrestricted access to
1http://earth.esa.int/EOLi/EOLi.html
2https://earth.esa.int/web/guest/data-access/catalogue-access/descw
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Figure 3.1: The basic interferometric processing chain.
these files3. The output at this stage is the Master and Slave SLC imagery
that form the interferometric pair.
The final step in the pre-processing phase is complex multi-looking of
the SLC images. With multi-looking it is possible to average or oversample
an image. Averaging reduces noise, decreasing at the same time the spatial
3http://earth.eo.esa.int/services/auxiliary_data/asar/
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resolution. Oversampling can be used to improve the spatial resolution of
the image, e.g. in order to facilitate phase unwrapping in difficult regions
such as those with dense fringes or increase the density of coherent pixels for
multi-interferogram techniques. Usually, for ERS and Envisat ERS, 1 × 5
multi-looking is applied (1 in range, 5 in azimuth) to obtain 20 m square
pixel spacing.
Core-processing
The core-processing algorithm starts by estimating the baseline (B⊥ and
B‖ components) using orbit state vectors. There are multiple sources for
obtaining precise orbit data for ERS and Envisat imagery, namely DELFT4
orbits provided by the Department of Earth Observation and Space Systems
(DEOS) at the Technical University of Delft and are distributed as ODR.∗
files, and DORIS (Doppler Orbitography and Radio positioning Integrated
by Satellite) orbits determined from Doppler shift data measured by the
corresponding instrument, and can become available from ESA after posing
a specific request.
An important step in interferometric processing is Common Band (CB)
pre-filtering in range and azimuth directions, which is applied to the SLC
imagery. The theoretical aspects, along with practical implementations are
thoughtfully discussed in Annex B.1. Knowing the perpendicular baseline,
the filter function for the CB filtering of the range spectrum can be de-
termined. Similarly, the azimuth spectra, which differ due to nonidentical
Doppler Centroids, are filtered, in order to include only those parts of the
spectra which are common to the two images. This process assists the fol-
lowing module which is precise co-registration
An integral part of the algorithmic sequence is the precise image co-
registration of the Master and Slave scenes, at subpixel accuracy; a regis-
tration accuracy of better than 0.2 pixels is required in order not to reduce
the interferometric correlation by more than 5%. Co-registration consists of
the computation of the offsets in range and azimuth between the two images
forming the interferometric pair, and resampling of the Slave to perfectly
match with the Master reference image. Computation of the offset between
two SLCs consists usually of two steps: estimation of the local offsets for a
number of small areas throughout the image, and the generation of a poly-
nomial that allows the resampling of the Slave image to match the Master
SLC. The calculation of the offsets is based initially on the orbit state vectors
and are subsequently refined using the local spatial correlation function for a
4http://www.deos.tudelft.nl/ers/precorbs/
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number of small areas within the image. The image offsets which maximize
the local correlation can be determined either by cross correlation of the
real valued image intensity or by optimization of the fringe visibility. The
local estimates of the computed offsets are then used to estimate coefficients
of an offset polynomial for the range and the azimuth directions over the
whole image. Once the offset functions are known the two SLC images can
be co-registered using appropriate interpolation methods [GAMMA, 2008b].
Having the Master and resampled Slave co-registered at a subpixel ac-
curacy, interferogram computation is straightforward (Equation 2.6). Ad-
ditionally, the coherence map, i.e. the magnitude of the cross-product of
the two co-registered SLCs, is generated from the normalized interferogram
and the co-registered intensity images (Equation 2.12). The next step is
to remove the flat earth component φflat and the topography contribution
φtopo, in order to isolate the desired deformation φmotion, as indicated by
Equation 2.8. The former requires knowledge of the orbit trajectories of the
two SLC images, while the later requires a DEM (e.g. SRTM) that has been
resampled into the SAR image coordinates from its native format.
Post-processing
Removal of the above phase contributions results in the generation of the
Differential interferogram (DInSAR) that hopefully contains clear fringes
that correspond to ground displacement. Then, prior to proceeding to phase
unwrapping, some post-filtering operations are required to increase SNR in
the interferogram, i.e. reduce phase noise thereby reducing the number of
residues. Usually, a spatially adaptive filter is applied by computing locally
the interferogram power spectrum, in an algorithm proposed by Goldstein
and Werner [1998]. Alternatively, one can compute locally the phase slope
and average the interferometric phase along the local slope. Then, after the
applying adaptive filtering techniques with the appropriate parameters, 2D
phase unwrapping can be performed, using one of the techniques presented
in Annex A (usually the MCF algorithm).
The unwrapped phase now contains the motion component that needs
to be extracted, plus some phase residuals originating from atmospheric
contributions, DEM errors and imprecise knowledge of the perpendicular
baseline. The latter can be mitigated by refining the baseline estimation
using least squares fit for a number of control points of known height and
generate the final differential interferogram.
Displacement map generation is then based on the accurate geocoding of
DInSAR products. Geocoding is the coordinate transformation between the
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coordinates of an imaging system, in this case range-Doppler coordinates
of the SAR, and orthonormal map coordinates. Therefore, geocoding of
SAR data requires the application of a geometric transformation from the
radar geometry to the map geometry. This type of geocoding takes the
image in the radar geometry and resamples the data into a map projection
(UTM, Oblique-Mercator, Polar Stereographic, etc.) with an associated
datum. The datum defines the size and shape of the earth, and the origin
and orientation of the coordinate systems used for mapping. Usually this
process entails the generation of a lookup table, where for each image point
defined in one coordinate system the lookup table contains the corresponding
coordinates in the other coordinate system [GAMMA, 2008a].
Finally, using the unwrapped interferogram and the baseline geometry,
one can reconstruct the terrain height (or displacement) and cross track po-
sition for each pixel on an ellipsodial (WGS84) Earth model (generation of
topographic height, image rectification and interpolation of interferometric
height and slope maps). The unwrapped phase is a measure of the propa-
gation path length difference between the received signals used to generate
the interferogram. This can be combined with the baseline data for each
line in the image to calculate the look vector from the radar to the point on
the ground.
3.1.2 Software
There are a number of software packages that are available for conventional
interferometric processing, either open-source or commercial, and are main-
tained from research institutes, space agencies and private entities. Table 3.1
summarizes the well-established modules that are widely available for use
and experimentation. It should be noted that proprietary software also exist,
but remains closed to the research community (e.g. from DLR, the German
aeronautics and space research centre).
In the framework of this thesis, several of the packages summarized in
Table 3.1 were used. ROI PAC, DIAPASON, GAMMA and NEST were
applied for differential interferometry applications, and several scripts were
developed to combine, where appropriate, the various algorithmic modules.
GAMMA software package was used for interferometric stacking and PSI
techniques (Interferometric Point Target Analysis) applications, DORIS for
generating interferograms that were fed to StaMPS for combined PSI anal-
ysis (PSInSAR & SBAS).
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Table 3.1: Software packages for SAR Interferometry
Software Developer Type (license) Processing capabilities
ROI PAC1 NASA’s Jet Propulsion Labo-
ratory and Caltech
open-source DInSAR
DIAPASON2 French Space Agency CNES
and maintained by Altamira
Information
commercial DInSAR & PSI (Sta-
ble Point Network)
GAMMA3 GAMMA Remote Sensing and
Consulting AG
commercial DInSAR & PSI (Inter-
ferometric Point Tar-
get Analysis)
DORIS4 Delft University of Technology open-source
with conditions
DInSAR
StaMPS5 Developed at Stanford Univer-
sity, subsequent development
has taken place at the Univer-
sity of Iceland and Delft Uni-
versity of Technology
open-source PSI (Stanford Method
for Persistent Scat-
terers): PSInSAR &
SBAS
NEST6 ESA open-source
(GNU GPL)
DInSAR
SARscape7 sarmap commercial DInSAR & PSI
(SBAS, PSInSAR)
RAT8 Technische Universita¨t Berlin open-source
(MPL 1.1)
DInSAR
IMAGINE
SAR
Interferometry9
ERDAS Imagine commercial DInSAR
GMTSAR ConocoPhillips, Scripps Insti-
tution of Oceanography, and
San Diego State University
open-source
(GNU GPL)
DInSAR
piRATE10 University of Leeds, Guang-
dong University of Technology
open-source
(Matlab scripts)
Multi-interferogram
technique [Biggs et al.,
2007]
1 http://www.roipac.org/
2 http://www.altamira-information.com/html/index.php
3 http://www.gamma-rs.ch/software/
4 http://doris.tudelft.nl/
5 http://radar.tudelft.nl/~ahooper/stamps/index.html
6 http://nest.array.ca/web/nest
7 http://www.sarmap.ch/page.php?page=sarscape
8 http://radartools.berlios.de/
9 http://geospatial.intergraph.com/Homepage.aspx
10 http://homepages.see.leeds.ac.uk/~earhw/software/pi-rate/index.html
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3.2 Interferometric stacking and leveling in the
Mornos aqueduct
This section evaluates the InSAR derived displacement field caused by the
07/09/1999 Athens earthquake, using as reference an external data source
provided by terrestrial surveying along the Mornos river open aqueduct.
Following the required harmonization of the in-situ and space-borne geodetic
measurements, the results indicate that the modeled deformation derived
from a series of stacked interferograms falls entirely within the confidence
interval assessed for the terrestrial surveying data.
3.2.1 The September 7th 1999 Athens earthquake
One of the most significant natural disasters which stroke Greece in the
20th century was the September 7, 1999, 11h56m50s UTC, Mw (moment
magnitude) 5.9 Athens earthquake. It claimed the lives of 143 people, and
caused the collapse of several buildings, mainly in the northwest suburbs of
the Greek capital. The approximate location of the earthquake epicenter
was 38.10◦ N, 23.56◦ E, roughly 20 km northwest from the center of Athens.
The first study referring to the key parameters of the earthquake and
providing a preliminary evaluation of the damages was published by Pa-
padopoulos et al. [2000]. The vertical displacement field at the surface level
caused by this tectonic event was investigated with space born Synthetic
Aperture Radar Interferometry (InSAR), using ERS-2 data. InSAR pro-
cessing showed significant deformation with the maximum LOS subsidence
being approximately 6 cm [Kontoes et al., 2000]. This observation was used
in earthquake modeling and fault location mapping [Baumont et al., 2002;
Bouckovalas and Kouretzis, 2001; Eftaxias et al., 2001; Goldsworthy et al.,
2002; Papadimitriou et al., 2002; Pavlides et al., 2002; Roumelioti et al.,
2003] along the middle of the Parnitha mountain. However, the deforma-
tion field reported by Kontoes et al. [2000] could not be verified at that time
due to the lack of coseismic geodetic measurements of adequate precision.
The sole indication was provided by geologists and engineers who visited the
area and confirmed that the damaged structures, at the substructure level,
were showing a vertical movement of the same order of magnitude as the
DInSAR derived assessments.
Satellite interferometry was used by several researchers to study the
deformation pattern of the Athens earthquake. Therefore, following the first
relevant publication by Kontoes et al. [2000], Papadopoulos et al. [2004]
confirmed the observed deformation using ATLANTIS software package,
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Figure 3.2: DInSAR over Athens and earthquake modeling, reproduced
from Kontoes et al. [2000]. (a) Seismotectonic map of Athens with
seismogeological elements.The Aspropyrgos (F1) and Fyli (F2) faults
are indicated, (b) distribution of aftershocks recorded by the Geody-
namics Institute of the National Observatory of Athens array, (c) Co-
seismic interferogram spanning the period Sept. 19, 1998 to Oct. 9,
1999, and (d) modeled interferogram calculated by least square inver-
sion of the fringes. The two modeled fault segments and their traces
on the surface, as well as the mapped Aspropyrgos (F1) and Fyli (F2)
faults are illustrated.
Parcharidis and Foumelis [2005] conducted a more thorough analysis on the
best available interferometric pairs, while Atzori et al. [2008] and Foumelis
et al. [2009] assessed the evolution of the post-seismic displacement after
the earthquake. For reasons of completeness, Figure 3.2 is included, which
depicts the main results by Kontoes et al. [2000] concerning the ground
deformation and modeling of the earthquake parameters.
The region of maximum deformation was very close to the Mornos river
open aqueduct, used for water supply to Athens. The distance of the aque-
duct pass from the earthquake epicenter is less than 2.5 km. The wa-
ter supply authority in Athens awarded an aqueduct-leveling project to
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the National Technical University of Athens/Higher Geodesy department
(NTUA/HG), which lasted for two months, from March to April 2001. Prior
leveling data along the Mornos aqueduct had been obtained in 1984. No
height data were available for the intermediate time interval 1984-2001; how-
ever no major seismic event had taken place in that period. The two coseis-
mic sets of leveling data were considered adequate to investigate the vertical
displacement in the affected by the earthquake area and verify the InSAR
derived observations. Figure 3.3 (left) illustrates the leveling path legs and
the Mornos aqueduct projected onto the 1:50,000-scale map. Figure 3.3
(right) shows the area where leveling data were acquired, projected onto the
calculated interferogram. The test area extends from 38◦09’N 23◦31’E to
38◦06’N 23◦38’E.
Figure 3.3: Plots of the Mornos aqueduct (blue) and height network
(red) projected on 1:50000-scale map (left), and onto an ERS-2 SAR
image interferogram (right) [Kotsis et al., 2008].
The scope of this work is the cross-evaluation of the InSAR derived
displacement field caused by the Athens earthquake, using as reference an
external data source provided by terrestrial surveying along the Mornos river
open aqueduct. Research works relating to InSAR-leveling inter-operability
[Abidin, 2005] issues have been focusing on verifying the InSAR derived
subsidence [Colesanti et al., 2001; Mossop and Segall, 1997], integrating
them with the leveling data to increase the reliability of the measurement
[Odijk et al., 2003; Stein and Zhou, 2004; Zhou et al., 2003], establishing
robust geophysical models [Liu, 1998; Motagh et al., 2006; Nishimura et al.,
2003], coherently measuring uplift [Dzurisin et al., 1999], and conducting
dedicated intra-sensor experiments [Marinkovic et al., 2006] .
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3.2.2 Analysis data
Herein, the satellite data used in the evaluation analysis, along with the
leveling data in the Mornos aqueduct are presented.
ERS-1,2 SAR data
ERS-1/2 sensor imagery spanning the period from December 1997 to Jan-
uary 2001 were acquired and processed over the Athens Greater Area. In-
terferometric calculations were done with the CNES DIAPASON InSAR
processing software, and the sixteen most coherent coseismic interferograms
were kept for the purposes of the study. The image pairs used along with
their corresponding altitude of ambiguities are shown in Figure 3.4.
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Figure 3.4: Set of ERS interferometric pairs used in the study as a
function of the corresponding dates and altitude of ambiguities. The
vertical dashed line indicates the date of the earthquake occurrence.
The influence of the terrain relief on the interferograms was lifted out
using a DEM, via the digitization of the 20 m contour lines from the 1:50,000-
scale topographic maps. The high frequency DEM artifacts remaining in
the interferograms, were calculated as the ratio of the DEM error (∼ 10 m)
over the interferometric altitude of ambiguity (20 m-417 m) and were all
estimated to be below the cycle level (0.3-0.02 cycles).
Leveling data along the Mornos aqueduct
The first terrestrial surveying work on the aqueduct was performed in 1984,
covering its whole length of approximately 200 km. A special trigonometric
height technique was used, providing the same level of accuracy as conven-
tional leveling but being significantly faster [Balodimos, 1979]. This tech-
nique employed a highly accurate geodetic total station to obtain the slope
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distance and the vertical angle between the two points of interest. The use
of a redundant number of stationary sets of tripods and tribranch adapters
eliminated the need for target and instrument height measurements. Fur-
thermore, atmospheric refraction effects were further eliminated by concur-
rent measurements at both ends of an observation line - leading to high
accuracy observations.
Moreover, a standard geometric leveling was realized in 2001. The total
distance surveyed was 40 km, of which 12 km were confined in the area of
interest illustrated in Figure 3.4. Figure 3.5 shows the leveling path legs
and the longitudinal axis of the open aqueduct, projected onto a wrapped
interferogram. The accuracy of the leveling works was estimated to be of
the order of a few millimeters between successive height references.
Figure 3.5: Leveling path legs plot (red) and aqueduct plot (blue) pro-
jected onto a wrapped interferogram. For clarity purposes, only the
segments connecting the height references are displayed. The actual
leveling path follows the channel. Reproduced from Kotsis et al. [2008].
It should be noted that the two leveling experiments conducted in years
1984 and 2001 used exactly the same height reference points. The height
differences obtained by surveying the aqueduct at the two epochs indicated
a significant vertical displacement induced by the earthquake. Taking into
account the standard deviations of the geometric leveling and the trigono-
metric leveling and by applying the error propagation law, the standard
deviations of the height differences were estimated to range from 4 mm to
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8 mm. These values correspond to the relative heights between successive
height benchmarks, depending on the length of the leveling path segments
[Kotsis et al., 2008].
3.2.3 Leveling - DInSAR compatibility
The differential displacement data derived by the two different techniques
were incompatible and consequently a direct comparison was not possible.
Therefore, the following post-processing steps were performed:
1. Wrapped interferogram filtering by applying a simple 2D 3 × 3 space
mean filter (symmetric to match the rectangular pixel dimensions).
2. Phase unwrapping using a Weighted Least Squares approach (An-
nex A). The weights were derived from the coherence map, repre-
senting the computed cross-correlation between the Master and the
Slave image. An indicative example of an unwrapped coseismic inter-
ferogram is given in Figure 3.6.
Figure 3.6: Wrapped and unwrapped versions of the same coseismic
interferogram [Elias et al., 2006].
3. Projection of the LOS vector to the vertical (or ‘Up’) direction. This
task entails the estimation of the incidence angle for each image pixel.
4. Interferometric stacking: in the framework of this study and due to
the fact that reliable in-situ data were available through the level-
ing survey, it was possible to evaluate the advantage of using a mean
stacked interferogram instead of using only one, that is the ‘highest-
quality’ (most coherent) interferogram. Aiming, hence, at produc-
ing a deformation field released from high and intermediate frequency
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non-earthquake related interferometric disturbances, the sixteen un-
wrapped interferograms were stacked to derive a mean temporal de-
formation field. This technique produced an image S(i, j) defined
as S(i, j) = mean
(
I1(i, j), I2(i, j), ..., In(i, j)
(
, where n represents the
number of the available interferograms and Im(i, j) the unwrapped
interferometric phase of the mth interferogram at pixel location (i,j).
At this stage alternative stacking methods were implemented as well,
forming A) a weighted mean stacked interferogram using as weights
the pixel coherence values of each contributing interferogram, B) a
maximum coherence stacked product, on which each phase pixel value
stems from the interferogram with the highest corresponding coherence
pixel value, and C) a windowed maximum coherence stacked product;
here each phase pixel value comes from the interferogram with the
highest mean coherence value, calculated inside a 3-by-3 pixels win-
dow, centered on the pixel of interest. As is shown in the next section,
the above methods returned rather similar results compared to the
straightforward mean stacked approach.
5. Geodetic Reference System Conversion: since the interferometric cal-
culations were referring to a UTM map projection on the ED 50 Greek
Datum, while he coordinates of the height references were expressed
in the HGRS 87 reference system, using the Transverse Mercator map
projection on the GRS 80 ellipsoid. More details on this can be found
in Kotsis et al. [2008].
3.2.4 Displacement profiles
Based on the various interferometric stacking products, a profile section
of the DInSAR vertical differential displacements was extracted along the
leveling traverse. An origin had to be defined (reference point), and this
was decided to be the location of the height reference HR 65. Consequently,
its displacement was set to zero and all other vertical displacements were
provided in relevance to HR65. Profile data for InSAR and leveling data are
presented in Figure 3.7.
Examining the profiles illustrated in Figure 3.7, it can be observed that
no major differences occur between the differential vertical displacements as
obtained by InSAR and leveling. There appears to be an agreement between
the two profiles with respect to the gradient of the vertical displacement, and
there is no evidence of any systematic deviation between them. Moreover,
the profile corresponding to the mean stacked interferogram shows a better
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Figure 3.7: DInSAR stacking profiles vs. leveling: differential vertical
deformation profiles derived by the (a) conventional terrestrial sur-
veying, (b) single ‘highest quality’ interferogram, (c) mean stacked in-
terferogram, (d) windowed maximum coherence interferogram. HR65
indicates the starting point of leveling.
Table 3.2: Average and standard deviation of the vertical displacement
differences between the leveling data and the DInSAR stacking methods
Approach Average dif-
ference (m)
Standard de-
viation (m)
Highest quality interfero-
gram
-0.0096 0.0056
Mean stacked interfero-
gram
-0.0016 0.0048
Weighted mean stacked in-
terferogram
-0.0030 0.0055
Maximum coherence
stacked interferogram
0.0047 0.015
Windowed maximum coher-
ence stacked interferogram
0.0020 0.0056
agreement with the leveling data. The vertical displacement differences
between the leveling data and the interferometric data using the ‘highest
quality’ interferogram range from 3 mm up to 1.8 cm. The average difference
value between the two datasets is 9.5 mm and the standard deviation equals
5.5 mm. On the contrary, when the mean stacked interferogram is compared
with the leveling data, the above discrepancies are reduced by a factor of six.
Indeed, the average difference between the two datasets is reduced down to
1.5 mm, whereas the standard deviation is of the order of 4.8 mm.
Table 3.2 outlines the average vertical displacement difference between
the leveling data and the interferometric data for the various interferomet-
ric stacking approaches used. The study of the table reveals that the mean
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stacked product is preferred against the other products, as it fits more ac-
curately the leveling data. Additionally its estimation entails less computa-
tional complexity. It should be mentioned though, that there are no major
differences between the various stacking methods. However, significant im-
provement was achieved when moving from the single most coherent inter-
ferogram to any of the stacked products.
The small differences between leveling and stacked DInSAR displacement
data may be attributed to several types of error sources, such as SAR sen-
sor noise, radiometric instabilities and system aging, remaining orbital phase
‘ramps’ and tropospheric artifacts, unwrapping errors, temporal decorrela-
tion effects, and DEM errors. The possibility for a-seismic deformations
in the period 1984-1998 could be also considered as a possible contributor
to the relative subsidence profile differences. However, this a-seismic tec-
tonic deformation, if it exists, remains unaccounted for, due to the absence
of InSAR calculations in that period. The above-mentioned factors, may
contribute to the observed total error of the derived relative subsidence val-
ues. It should be clarified, however, that mainly temporal decorrelation and
DEM errors seem to be the most crucial parameters resulting in DInSAR
subsidence profile deviations. However, as shown in Figure 3.7, the influ-
ence of all disturbing factors described previously was effectively reduced by
adopting a mean stacked and noise-free interferogram.
As far as the terrestrial surveying derived relative subsidence profiles
are concerned, the estimation accuracy was much simpler and more explicit.
The leveling data accuracy was estimated to lie in the range from 4 mm
to 8 mm, in relative heights between successive height benchmarks. With
the above estimations it becomes clear that the deviation of the two relative
subsidence profiles (cases (a) and (c) in Figure 3.7), fall entirely within the
confidence interval defined for the leveling data.
3.2.5 Section conclusions
In this study we used interferometric stacking to get a consistent represen-
tation of the surface displacement pattern after the 1999 Athens earthquake
and validated it using leveling measurements along the Mornos Aqueduct.
Various multi-interferogram techniques were employed to highlight the ap-
proach that gave measurements closer to the ground-truth, qualifying the
simple mean stacked interferogram as opposed to more elaborate algorithms.
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3.3 Movri earthquake 2008
The 2008 mainshock (Mw 6.4) was the first modern, strong strike-slip earth-
quake in the Greek mainland. The fault strikes NE-SW, dips 85◦NW, while
the motion was right-lateral with small reverse component. Historical seis-
micity showed no evidence that the fault ruptured in the last 300 years.
DInSAR analysis detected coseismic motion only in Kato Achaia where in-
terferogram fringes pattern showed vertical displacement from 3.0 to 6.0
cm. From field-surveys maximum intensity of VIII in Kato Achaia was es-
timated, while the most important liquefaction spots were also observed
there. These observations are attributable neither to surface fault-breaks
nor to site effects but possibly to high ground acceleration due to the co-
seismic uplift. The estimated fault dimensions from aftershock locations are
consistent with that a buried fault was activated, lateral expansion occurred
only along length and the rupture stopped at depth ∼ 20 km implying that
more rupture along length was favored. Dislocation modeling of a buried
fault showed uplift of ∼ 8.0 cm in Kato Achaia at the hanging wall of the
reverse fault component.
This section provides a brief overview of the seismotectonic setting of
the inflicted area, followed by the DInSAR analysis using Envisat imagery.
Displacement patterns are then correlated with in-situ observations and the
deformation pattern from a dislocation model
3.3.1 Seismotectonic setting
On 8 June 2008, the strong mainshock that ruptured NW Peloponnese, along
the Morvi Mountain foothills (Figure 3.8a) was the first modern, strong
strike-slip earthquake occurring in the Greek mainland. Considerable dam-
age and ground failures were the two main elements of the macroseismic
field. No strong, historical events were known to have occurred in the 2008
earthquake area. Therefore, there was a noteworthy lack of knowledge with
respect to the crustal deformation of the area. In fact, neither focal mecha-
nisms of significant earthquakes nor GPS measurements nor geologic offset
were available until the occurrence of the 2008 earthquake. Consequently,
that earthquake shed new light for the enhanced understanding of the defor-
mation associated with strike-slip earthquakes not only in the area of NW
Peloponnese but in the entire Greek mainland.
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a. b.
Figure 3.8: (left) Plots of epicenters (circles) for large historical and
recent earthquakes in the wider AOI: 28 July 1714 (Ms6.3), 10 Febru-
ary 1785 (Ms6.4), 7 June 1804 (Ms6.4), 23 January 1806 (Ms6.2)
(data after Papadopoulos [2000]), 2 December 2002 (Mw5.6), 14 Au-
gust 2003 (Ms6.2) and 18 January 2010 (Mw5.5) (epicenters af-
ter the earthquake catalogue of the National Observatory of Athens,
http: // www. gein. noa. gr/ services/ cat. html ; magnitudes af-
ter the catalogue of Harvard, http: // www. globalcmt. org/ ). Star
illustrates the epicenter of the 2008 mainshock. (right) The mainshock
of 8 June 2008 (star) and its aftershocks (colour dots) recorded up to
end of November 2008. Straight line is the hypothetical intersection
of the fault surface with the Earth’s surface. Beach-balls illustrate the
earthquake focal mechanism determined by HRV, USGS and NOA (for
explanations see Table 3.3). Localities and types of ground failures ob-
served are shown. Figures reproduced from Papadopoulos et al. [2010].
Regional seismicity
Historical seismicity is of importance in studies of coseismic ground defor-
mation since it may provide information about ground failures associated
with the earthquake activity. From an investigation in the rich historical
earthquake record of western Greece it resulted that the earthquakes of 28
July 1714 (Ms=6.3), 10 February 1785 (Ms=6.4), 7 June 1804 (Ms=6.4) and
23 January 1806 (Ms=6.2) (Figure 3.8b) might be considered as regards its
possible association with the fault zone activated with the 2008 earthquake.
Based on documentary sources and on previous studies and catalogues, Pa-
padopoulos [2000] assigned maximum intensity of VIII, VIII-IX, IX and
VII-VIII at Patras for the 1714, 1785, 1804 and 1806 earthquakes, respec-
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Table 3.3: Focal parameters and elements of the focal mechanism of
the 8 June 2008 mainshock as determined by several seismological in-
stitutes [Papadopoulos et al., 2010]
φ◦N
a λ◦E
b hc(km) Mw
d M0
e(dyn cm) Strike Dip Rake Institute
37.93 21.63 24.7 6.4 4.56e+25 209 83 164 HRV1
38.15 21.59 10.0 6.3 3.10e+25 30 89 -160 USGS2
37.98 21.48 22.0 6.4 4.49e+25 210 82 175 NOA 3
37.99 21.52 10.0 6.5 6.01e+25 210 85 179 INGV 4
38.01 21.44 31.0 6.4 5.71e+25 213 81 165 ETHZ 5
37.97 21.49 32.0 6.5 6.50e+25 29 89 -178 AUTH6
a geographic latitude
b geographic longitude
c focal depth
d moment magnitude
e seismic moment
1 Harvard University (USA)
2 United States Geological Survey (USA)
3 National Observatory of Athens (Greece)
4 National Institute of Geophysics and Volcanology (Italy)
5 Swiss Federal Institute of Technology Zurich
6 Aristotle University of Thessaloniki (Greece)
tively. A common feature of the four earthquakes is that apart from the
damage caused in the today historical center of Patras, damage was also
noted away the 2008 fault zone. Allowing for some error of no more than
20 km involved in the epicenters, it is concluded that the evidence available
disfavours the suggestion that the 1714, 1785, 1804 and 1806 earthquakes
ruptured the fault segment activated with the 2008 earthquake [Papadopou-
los et al., 2010].
The 2008 earthquake is the first to provide clear evidence about the
stress-field dominating the area ruptured. Fault plane solutions (Table 3.3)
are consistent in that nearly pure dextral strike-slip motion occurred at
depth. The preferred fault plane is a high-angle one dipping to NW with
dip ranging from 81◦ to 89◦ and striking NE-SW, which is also the main
direction of the aftershock zone. Small reverse component was involved in
the seismic faulting.
From seismotectonic point of view the 2008 earthquake is a transition
from the highly seismogenic areas of Patras Gulf and Corinth rift to the NE
and the Ionian Sea to the SW (Figure 3.8a). Extensional stress-field striking
nearly N-S prevails in the areas of Patras Gulf and Corinth rift [Doutsos
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et al., 1988]. On the contrary, in the Ionian Sea to the SW extension of the
2008 rupture zone the stress-field becomes compressional along NE-SW (e.g.
Louvari et al. [1999]), which is due to the convergence between the African
lithospheric plate and the southwestern termination of the Eurasian plate
along the Hellenic Arc and Trench. However, several years ago a review
on earthquake focal mechanisms and neotectonic observations showed that
the fields of compression and extension are separated by a narrow zone of
strike-slip motions which runs parallel to the Hellenic Arc. In fact, the
rupture zones of both the 2008 and the Mw 5.6 strike-slip mainshock of 2
December 2002 fall within that strike-slip zone (Figure 3.8a) [Papadopoulos
et al., 2010].
Aftershock activity
The 2008 mainshock was followed by numerous aftershocks the locations
of which were precisely determined by the seismograph network of the Na-
tional Observatory of Athens (NOA), given that in the area affected by the
earthquake the network is dense enough. Up to 16 November 2008 about
730 aftershocks were determined with local magnitude, ML, ranging from
2.2 to 4.3.
The dimensions of the aftershock area and of the seismic fault were de-
termined from lateral and vertical plots of aftershock locations determined
by NOA and occurring within 1-day, 3-day, 10-day and 5-month time inter-
vals from the mainshock occurrence (Figure 3.8b). Final dimensions of the
aftershock area of about 42 km in length and 10 km in lateral width imply
that some expansion occurred along length but not along width. The cloud
of aftershock epicenters was clearly aligned along the NE-SW axis which is
absolutely consistent with the strike of one of the two nodal planes indicated
by the focal mechanism of the mainshock [Papadopoulos et al., 2010].
3.3.2 DInSAR processing
A DInSAR analysis of the Movri earthquake was performed, aiming at map-
ping the manifestation of the rapture in the surface, if possible. In literature
the first ever recorded co-seismic deformation in the affected area was pro-
vided by Ganas et al. [2009]. In their work via the analysis of high-rate GPS
data in Riolos station, located 12.8 km N5◦W of the epicenter, it emerged
that there was a displacement of about 7 mm to the North in agreement with
right-lateral kinematics of the rupture. However, due to both the magnitude
of the recorded deformation (< λ/2) and its direction (reduced sensitivity
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Table 3.4: Envisat scenes acquired in NW Peloponnese (ASAR Image
Mode, Swath 2, VV Polarisation).
No. Orbit Date Flight direction Track
1 22785 09/07/2006 Ascending 186
2 26793 15/04/2007 Ascending 186
3 31803 30/03/2008 Ascending 186
4 33306 13/07/2008 Ascending 186
5 33807 17/08/2008 Ascending 186
6 22649 30/06/2006 Descending 50
7 26657 06/04/2007 Descending 50
8 31667 31/03/2008 Descending 50
9 28389 05/08/2007 Descending 279
10 30894 27/01/2008 Descending 279
11 31896 06/04/2008 Descending 279
12 32397 11/05/2008 Descending 279
13 32898 15/06/2008 Descending 279
14 33399 20/07/2008 Descending 279
15 33900 24/08/2008 Descending 279
16 34401 28/09/2008 Descending 279
17 25519 16/01/2007 Ascending 415
18 26020 20/02/2007 Ascending 415
19 31531 11/03/2008 Ascending 415
20 32032 15/04/2008 Ascending 415
21 33535 29/07/2008 Ascending 415
in the North-South), it was not likely to identify this pattern with radar
interferometry.
Input Envisat data
Regarding the distressed area of NW Peloponnese, 21 Envisat SAR scenes
were obtained from ESA (Table 3.4). These came from two adjacent parallel
Envisat satellite tracks in both descending and ascending modes of operation
(asc. tracks 186, 415 and desc. tracks 279, 50 - see Figure 3.9). The DEM
used was created by combining SRTM elevation data with a higher quality
DEM, which was derived from the digitization of the 20 m-contour lines from
1:50000 topographic maps. Moreover, the interferometric processing of the
SAR data was performed using two different suites of software modules, the
open-source ROI-PAC and the commercial DIAPASON packages. The exact
SAR sensor position for all the acquired scenes became available through
the precise satellite orbit state vectors, provided by ESA DORIS system.
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Track 186 Track 50
Track 279 Track 415
Figure 3.9: Amplitude of the different SAR tracks used in the Movri
study: tracks 186 and 415 are in ascending mode, while tracks 279 and
50 in descending.
Therefore, using the above data and set of tools a total of 51 interferograms
were generated in an attempt to map the ground displacement incurred by
the 2008 mainshock. Figure 3.10 shows the baselines of the interferograms.
Interferometric processing results
The area of NW Peloponnese is quite challenging to perform a DInSAR
analysis, as it is rather densely vegetated. This induced significant temporal
signal decorrelation and thus the coherence between the scenes was degraded
(left of Figure 3.11). To suppress decorrelation noise a procedure involving a
two-stage process was adopted. Firstly, the two interferograms with the best
coherence statistics were identified and stacked, in order to obtain their mean
phase values for each pixel. This step presumed the accurate geo-referencing
of the interferograms. Secondly, a 3×3 pixels rectangular averaging window
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Figure 3.10: Perpendicular baselines of the SAR pairs used for the
generation of the interferograms.
was applied as a smoothing filter to constrain the noise to an acceptable
level, with simultaneous spatial resolution degradation.
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Figure 3.11: (left) Coherence map of the affected area. White stands
for high coherency while black for low. Notice the spatially correlated
increased coherence in the urban and peri-urban areas close to the city
of Patras (Figure 3.8). (right) Coseismic interferogram with 65 m al-
titude of ambiguity. Red star corresponds to the earthquake epicenter.
A typical coseismic stacked interferogram (right of Figure 3.11) was
formed by using the interferometric pairs created from three Envisat SAR
scenes with orbit numbers 30894 and 32397 in the pre-seismic stage and
32898 in the post-seismic stage (Table 3.4). For the 30994-32898 coseismic
pair the perpendicular baseline was 3 m, whereas for the 32397-32898 pair
the corresponding value was 80 m. In this stacked interferometric product
it is obvious that there is no typical coseismic deformation fringe pattern, as
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one would expect for an earthquake of relatively high magnitude. This is in
accordance with that the earthquake focus was relatively deep and the acti-
vated fault was a blind one. The co-seismic deformation recorded by Ganas
et al. [2009] is not observed with DInSAR, partially due to low coherence in
the area surrounding the GPS station, but mainly due to the direction and
low magnitude of the deformation.
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Figure 3.12: Zoom of the coseismic stacked interferogram of Fig-
ure 3.11 in the Kato Achaia area (dashed rectangular box), to highlight
the fringe pattern. Red star corresponds to the earthquake epicenter.
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However, in a closer look to the Kato Achaia area, a set of fringes
with limited extent emerged (Figure 3.12). This fringe pattern was not
observed in any of the available pre-seismic (Figure 3.13a, formed by scenes
31896-32397 with perpendicular baseline of 345 m) or post-seismic interfer-
ograms (Figure 3.13b formed by scenes 32898-33399 with altitude of ambi-
guity ha =265 m). In addition, these fringes could not be associated with
DEM errors not only due to the fact that the area is relatively flat, the
average altitude of ambiguity being sufficiently high ( ∼ 65 m), but also
because the fringes are absent in both the pre-seismic (with even lower ha)
and post-seismic interferograms. Moreover, they cannot be attributed to
atmospheric and/or tropospheric disturbances which usually show strong
spatial correlation and hence they appear as uniformly colored areas. If
they were attributed to atmospheric disturbances of the signal in any of
the images used, they would also appear in all pre-seismic and post-seismic
interferograms created using the same Master image. Nonetheless, this was
never observed. Lastly, the detected fringes can neither be linked with or-
bital errors, as these would create vertical fringes of linear type crossing the
interferogram from north to south [Papoutsis et al., 2008].
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Figure 3.13: (a.) Pre-seismic interferogram with ha =29 m and (b.)
post-seismic interferogram with ha =265 m. Red star corresponds to
the earthquake epicenter.
The low coherency values that are dominant in Kato Achaia makes the
accurate estimation of the deformed area a difficult task. However, one can
70 Chapter 3. InSAR applications
confidently suggest that an area of about 35 to 40 km2 presented a LOS
ground movement of about one to two fringes (Figure 3.12). This is equiva-
lent to LOS uplift from 2.8 cm to 5.6 cm or, assuming that the displacement
is purely vertical, from 3.0 cm to 6.0 cm vertical uplift, taking into con-
sideration the 23◦ incidence angle, which is absolutely consistent with the
amplitude of vertical displacement calculated by the elastic dislocation mod-
eling, that will be presented in the following section. It should be mentioned,
however, that due to the low regional coherency, attempts to unwrap the
differential interferogram were unsuccessful. No suitable integration paths
among the phase residues could be identified, leading to obscured areas with
valuable interferometric phase. We also used ALOS/PALSAR imagery to
take advantage of the better vegetation penetration offer by the lower central
carrier frequency (L-band). Although better coherence was achieved, the re-
duced theoretical spectral resolution for the deformation λ/2 = 11.81 cm did
not reveal, as expected, and fringe pattern.
3.3.3 Earthquake modeling
Based on the results presented in the previous section and reported by Pa-
poutsis et al. [2008], Papadopoulos et al. [2010] modelled the field of static,
coseismic ground displacement caused by the 2008 earthquake by applying
the dislocation model in an elastic half-space [Okada, 1985]. These results
are included in this dissertation for reasons of completeness.
Ground displacement, d, was calculated as either uplift or subsidence.
Strike, dip and slip for the preferred fault plane were adopted from the
centroid-moment tensor solution of Harvard which determined magnitude
Mw 6.4 (Table 3.4). Assuming a rectangular planar seismic fault, the fault
dimensions were estimated: mainshock rupture L = 20 km; aftershock area
length Lc ≈ 42 km; lateral aftershock zone width Wc ≈ 10 km; mainshock
focal depth, h=20 km; seismic fault depth ranging from 5 km to 20 km;
down-dip width W = 15 km. The above figures indicate that some lateral
expansion occurred only along length. For the preferred magnitude estimate
of Mw 6.4 the displacement d ranged from -6.6 to +8.0 cm.
From the ground displacement field (Figure 3.14) it comes out that uplift
occupied the NW and SE parts of the rupture zone while subsidence was
observed in the NE and SW parts. The maximum displacement amplitude
was found in Kato Achaia in the NW part of the dislocation field, which is
situated at the hanging wall domain of the reverse component of the fault
motion. The agreement with the DInSAR analysis of the previous section,
in which maximum deformation of the order of ∼ 6 cm was observed in Kato
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Figure 3.14: The field of vertical coseismic ground deformation caused
by the 8 June 2008 mainshock. Dislocation modeling was performed
for mainshock magnitude Mw 6.4. Negative deformation means subsi-
dence, otherwise uplift is meant. Maximum amplitude of deformation
(uplift) by ∼ 8.0 cm is observed in the area of Kato Achaia. Figure
reproduced from Papadopoulos et al. [2010].
Achaia is clear.
3.3.4 Field-surveys
In two post-event field-surveys performed by seismologists and geologists,
which took place in the first week following the mainshock, surface fault-
breaks, ground fissures and cracks, rockfalls and liquefaction in soil were
observed.
Three are the main surface fault-breaks were observed by geophysicists:
the Nisi, Michoi and Vithoulkas ones, having lengths of 5-6 km and verti-
cal offset on the order of 25 cm, 10 cm and 5 cm, respectively. It remains
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a. c.b.
Figure 3.15: Ground breaks near the west bank of Vergas River (a;
photo courtesy by G.A. Papadopoulos). Sand blows due to liquefaction
in soil near the coastal zone of Kato Achaia (b; photo courtesy by N.
Klimis). Railway bending observed in the Kato Achaia train station
after the earthquake (c; photo courtesy by I. Koukouvelas).
doubtful, however, if they (e.g. in Figure 3.15a) represent surface expres-
sions of the seismic fault segment activated in depth. In fact, none of the
fault-breaks follow the NE-SW strike of the seismic fault. Besides, the sur-
face fault-breaks were tectonically attributed to an upwards partitioning of
a buried strike-slip fault into several minor faults [Koukouvelas et al., 2010].
Additionally, liquefaction in soil were observed in several points mainly along
the earthquake rupture zone (Figure 3.8). The most extensive liquefaction
was produced in two spots of the Kato Achaia coastal area (Figure 3.15b).
In the train station of Kato Achaia clear bending of the WNW-ESE trend-
ing railway was observed (Figure 3.15c), which should not be attributed to
coseismic surface break given that no ground break, fissure or crack were
observed on either sides of the railway. In Papadopoulos et al. [2010], the
favoured explanation is that railway bending is due rather to horizontal
ground shaking because of SH waves than to surface fault-break.
Damage was observed particularly in single-house buildings in many vil-
lages of the Elia and Achaia provinces but no massive building collapses
were reported. Noticeable damage was also caused in the industrial zone of
Patras, e.g. in a brewery factory where the predominant destruction was the
collapse of three silot bearing weight of 1500 t each (Figure 3.16a). However,
the highest intensity of VIII degree was assigned to Kato Achaia given that
many masonry buildings and several concrete-reinforced buildings suffered
serious damage or even damage beyond repair (Figure 3.16b).
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a. b.
Figure 3.16: Collapse of three silots in a brewery factory in the indus-
trial zone of Patras (a) and partial collapse of house building in the
Kato Achaia town (b) (photo courtesy by G.A. Papadopoulos).
3.3.5 Section conclusions
Using radar interferometry we were able to map for the first time the dis-
placement pattern following the Movri earthquake [Papoutsis et al., 2008].
Considering that in dip-slip faults seismic ground motion and earthquake
damages can be correlated with the faulting parameters and the coseismic
displacement, one may argue that the measured coseismic uplift detected in
Kato Achaia only was the main factor that contributed for the maximum
intensity to be felt there. Hence, the causal association between ground
displacement and increased earthquake damage in the hanging wall of mo-
tion becomes possible not only for pure dip-slip earthquakes but also for
strike-slip earthquakes with small dip-slip component, as the Kato Achaia
case indicates for the 2008 Movri earthquake. [Papadopoulos et al., 2010].
3.4 Cross-Interferometry over Attica
A typical cross-interferogram is formed when an ERS and an Envisat/ASAR
image are coherently combined. However the 31 MHz difference of the carrier
frequency leads to significant spectral decorrelation effects. To compensate
for this decorrelation factor one has to take advantage of the spectral shift
principle [Gatelli et al., 1994] which leads to a requirement for a perpendic-
ular baseline of ∼ 2 km [Monti Guarnieri and Prati, 2000] for flat terrain
(sign sensitive) to ensure the overlap of the two ground spectra.
The first demonstration of the proof of the above theoretical concept was
introduced by Arnaud et al. [2003] for two separate test sites in Las Vegas
and Paris. It was immediately recognized that this new interferometric
imaging geometry, which allows for very large baselines to be employed,
74 Chapter 3. InSAR applications
would have an impact on DEM reconstruction by exploiting the increased
sensitivity on topographic features (altitude of ambiguity of about 5 m).
Indeed, such DEMs were successfully generated by Colesanti et al. [2003e]
and Hong et al. [2005].
The potential to derive accurate DEMs with cross-interferometry, here-
inafter CInSAR, led to a dedicated ERS-2 - Envisat tandem mission (short
revisit time of 28 minutes), which was conducted between September 2007
and February 2008, satisfying the perpendicular baseline requirement. How-
ever, it was not until relatively recently that a thorough study on DEM
generation via CInSAR was introduced by Wegmu¨ller et al. [2009].
Another important aspect of CInSAR is the study of the statistical be-
havior of the coherence map derived from the image pair used. In general
terms, coherence in CInSAR is affected by the perpendicular baseline, the
overlap of the azimuth spectra, the underlying topography of the area of
interest, and the land cover type of the imaged scene. Investigation of these
parameters and their effect on coherence signature are examined by Santoro
et al. [2007, 2010].
In this section, the challenging task of forming cross-interferograms using
ERS-Envisat Tandem (EET) satellite imagery is dealt with in detail, for the
wider Athens metropolitan area. The main focus lies on the interpretation
of the coherence map derived by suitable image pairs, in terms of both the
imaging geometry and the underlying land cover of the area of interest.
Results show that, as expected, coherence increases in agricultural areas
with rolling topography, whereas surface and volume decorrelation kick in
for mountainous and urban areas respectively. Additionally for two selected
sites that present sufficiently high coherence, one in an agricultural plain
and the second one in a coastal area, DEMs are produced from EET pairs
and are compared with the corresponding SRTM DEMs.
The section is structured as follows: first the theoretical background for
cross-interferometry applications is synoptically presented, with special ref-
erence to PSI techniques for the coherent combination of ERS and Envisat
imagery. Then the SAR data processing approach is elaborated, both in
terms of the characteristic parameters of the input interferometric image
pairs and the processing technique adopted. Finally, the results are thor-
oughly presented, mainly focusing coherence based classification applications
and DEM reconstruction.
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3.4.1 Theory
ESA satellites ERS and Envisat both carry SAR sensors. Their correspond-
ing flight paths are almost identical, and so are most of the system parame-
ters, with one rather important exception: the carrier frequency for ERS is
5.3 GHz, whereas for Envisat is 5.331 GHz. This 31 MHz difference turned
out to be crucial, bearing in mind that the available system bandwidth is
16 MHz.
Cross-interferometry
The frequency difference (∆fg) introduces a significant spectral shift in the
frequency domain. In interferometric applications, considering that a spe-
cific area of interest is mapped by both ERS and Envisat and assuming that
the two sensors were at the exact same position (perpendicular baseline equal
to zero), this frequency drift would lead in cross correlating completely dif-
ferent spectral components of the ground’s reflectivity spectrum. Hence, the
coherence index γtotal (Equation 2.28) would be zero and no interferometry
can be performed.
Is then cross interferometry feasible? Assuming that the two sensors are
not in the same position in the two surveys, then the spectral shift induced
due to the different look angle is given by Equation 2.16. Taking into account
the frequency gap ∆fg, the relative spectral shift of imaged ground spectra
is:
∆fcross = ∆fg + ∆fs = ∆fg − cB⊥
λR2 tan(θ − ψs) (3.1)
Therefore, using Equation 2.19, the coherence for surface scattering be-
comes:
γsurface = 1− ∆fcross
B
(3.2)
There are two ways for maximizing γsurface. The first one is CB filtering,
if applicable and as discussed in Annex B.1, and the second one is to ap-
propriately select the perpendicular baseline, called compensation baseline
Bcomp.⊥ , of the pair in such a way that ∆fcross = 0. From Equation 3.1 the
following expression for the compensation baseline stands:
Bcomp.⊥ =
R2∆fg tan(θ − ψs)
fERS
(3.3)
Assuming that the first sensor is ERS and the second sensor is Envisat
and ψs = 0
◦, θ = 23◦, sensor height ∼ 800 km and fERS=5.3 GHz, then
∆fg =-31 MHz gives rise to B
comp.
⊥ =-2160 m. It is important to notice here
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that the compensation baseline is signed.
Therefore, full resolution interferometry requires an interferometric pair
with baseline equal to the compensation one. For the case where the per-
pendicular baseline is different, e.g. 1500 m, cross-interferometry is still
feasible through CB filtering, but at reduced range resolution. It should be
noted, however, that when performing CB filtering, the local slope ψs is an
important parameter that should be taken into account.
The previous analysis involved baseline or surface decorrelation. Exam-
ining volume scattering in the case of uniform distribution of heights within
the interferometric resolution cell in the interval ±∆h the following expres-
sion for volume decorrelation is valid [Monti Guarnieri and Prati, 2000]:
γvolume = 1− 2pi
2
3
∆2h
h2a
(3.4)
where ha is the altitude of ambiguity. Substituting B
comp.
⊥ (Equation 3.3)
into the expression for the altitude of ambiguity defined in Equation 2.11,
ha becomes for CInSAR:
ha = c
cos(θ − ψs)
2∆fg
(3.5)
Considering θ = 23◦ and ψs = 0◦, ha is 4.45 m. From Equation 2.24
(Gaussian distribution of heights) and Equation 3.4 (uniform distribution
of heights) this implies that σh < 0.6 m or ∆  2 m respectively, to avoid
significant volumetric decorrelation. These conditions are rather stringent
and are likely to be satisfied in flat areas or rolling topography, but not in
urban areas. Moreover, the significantly small value for the altitude of am-
biguity will make phase unwrapping extremely difficult to perform without
any a priori knowledge on the imaged terrain.
Persistent Scatterer Interferometry with CInSAR
For reasons of completeness, although it is not the focus of the present study,
it should be mentioned that the possibility to coherently combine ERS and
Envisat images for PSI, and specifically for PSInSAR, applications has also
been considered by the research community, aiming at establishing a long
temporal archive of displacement time-series.
When working on PSInSAR with a combination of ERS and Envisat im-
ages, the first question that arises is whether a Permanent Scatterer on an
ERS-ERS interferogram will be still coherent in an ERS-Envisat interfero-
gram. To answer, it is assumed that the dominant target under investigation
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is formed by many elementary targets uniformly distributed into a cubic box
with sides Ls, La and Ly, s being the slant range, a the azimuth and y the
cross-slant range (normal to the sa plane) directions respectively. Following
the analysis by Perissin et al. [2006] the coherence will be:
γ(∆fg,∆fDC , B⊥) = γs(∆fg) · γa(∆fDC) · γy(B⊥), with
γs(∆fg) =
∣∣∣∣sinc(piLs 2∆fgc
)∣∣∣∣,
γa(∆fDC) =
∣∣∣∣sinc(piLa∆fDCPRF
)∣∣∣∣,
γy(B⊥) =
∣∣∣∣sinc(piLy 2B⊥λR2
)∣∣∣∣
(3.6)
It can be inferred from expression 3.6 that for point-wise scatterers, i.e.
Ls = La = Ly = 0, coherence is always one, regardless of ∆fg,B⊥ or ∆fDC .
This essentially means that point-wise PSs are unaffected from geometrical
decorrelation and thus, remain coherent under all viewing angles and carrier
frequencies.
Thus, in theory, it is possible to perform PSInSAR analysis, as the inter-
ferometric phase is no longer stochastic but has a deterministic phase term
[Colesanti et al., 2003c]. This term is called Location Phase Screen (LPS)
[Arrigoni et al., 2003] and therefore the interferometric phase φ will become
(in relation to Equations 2.8 and 2.9):
φ =
4pi
c
{(
∆fg − f0B⊥
R2 tan(θ − ψs)
)
∆s− f0B⊥
r sin(θ − ψs)h−
c∆fDC
2PRF
∆a
}
(3.7)
where f0 = c/λ. In Equation 3.7 two new unknowns emerge: ∆s and
∆a, allowing the accurate localization of a PS accurately in 3D space, via
the estimation of its coordinates in slant range ∆s, in azimuth ∆a and in
elevation h.
The amplitude response of a target, under the hypothesis of uniform
surface scattering, can be modeled as a cardinal sine (sinc), with respect
to the perpendicular baselines [Arrigoni et al., 2003]. In order to identify
a target as PS in both ERS and Envisat scenes, the main lobe width of
the amplitude cardinal sine must cover most of the available perpendicular
baseline in the range [-2.5 1] km [Perissin et al., 2006]. The fact that a target
can be identified as a PS in ERS scenes and not in Envisat, and vice versa,
highlights the effect of volume decorrelation and the importance of target
orientation in the PS identification process.
Finally, there is the option for non-coherent combination of multi-sensor
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deformation time-series as done by Colesanti et al. [2003a] who exploited
and combined two independent PS sets from ERS and RADARSAT. In the
case of ERS and Envisat sensors the question that needs to be answered is
whether to fuse two independent PS sets [Duro et al., 2003] or use CInSAR
and create one large PS set. The answer to this question depends on the
PS survival rate, i.e. the probability that a target is seen as a PS by both
ERS and Envisat sensors. Adam et al. [2004] propose that if the PS survival
rate is low, the fusion of the two independent time series is optimal because
the PS density will increase. Cross-interferometry estimation is preferred in
case of high PS survival rate for reasons of improved accuracy.
3.4.2 Data processing
This section elaborates on the input SAR datasets that were used for ap-
plying CInSAR in Attica prefecture, and the processing approach adopted
to generate the core interferometric products.
Input datasets
All of the ERS-2 and Envisat scenes covering the Athens metropolitan area
that lies in the prefecture of Attica were acquired. Figure 3.17 depicts the
location of the AOI that was used to employ CInSAR. The area is char-
acterized by diverse topographic characteristics, consisting of mountainous
areas, followed by dense urban fabrics, coastal zones and agricultural plains.
SAR data retrieval focused on the EET mission that allows CInSAR
to be performed with only 28 minutes revisit time, leading to significant
suppression of the temporal decorrelation. Identifying appropriate image
pairs for CInSAR that fulfill the criteria for adequate range and azimuth
spectra overlap has proven to be a challenging task. To make things worse,
the sparse temporal coverage of Envisat Image Swath 2 acquisitions, due to
conflicting requests on ASAR modes of operation, significantly reduces the
available dataset for selecting potential SAR pairs.
Despite the above, it was possible to extract two image pairs suitable
for CInSAR, partially compliant with the requirements set in Section 3.4.1.
Apart from the perpendicular baseline B⊥ restriction (Equation 3.3), since
June 2001 ERS-2 operates in Zero Gyro Mode, reducing the attitude control
and causing Doppler Centroid values to exceed often the interval ± 0.5 PRF,
therefore ∆fDC = f
ERS−2
DC − fEnvisatDC should be monitored as well. The
details of these two pairs are given in Table 3.5. It should be noted that
both the perpendicular baseline and the Doppler Centroid difference shown
in this table, were calculated for the center swath of the co-registered scenes.
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Figure 3.17: Location of the AOI for CInSAR: Attica prefecture and
the wider Athens Metropolitan area in Greece.
Two adjacent descending tracks were used, offering increased spatial
coverage of the Attica and Evoia regions (total area of 9990 km2), but with
different CInSAR characteristics: while for pair 2 the perpendicular baseline
seems to be optimal, for pair 1 it is marginal. Hence it is interesting to cross-
examine the behavior of interferometric phase on both pairs.
Processing approach
CInSAR processing of the available scenes was performed with the GAMMA
SAR and Interferometry software package [GAMMA, 2008c], going through
the following distinct steps:
1. Raw data pre-processing using Delft orbits if available, otherwise using
ESA DORIS state vectors.
2. Computation of the Doppler Centroids, accounting for Doppler ambi-
guities.
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Table 3.5: Parameters of the CInSAR image pairs used
Pair No 1 2
Orbit No 55200 19328 71461 35589
Sensor ERS-2 Envisat ERS-2 Envisat
Track 236 (descending) 465 (descending)
Date 10/11/2005 20/12/2008
B⊥ a 1420 1835
∆fDC
b 356 -144
a Perpendicular baseline in m
b Doppler Centroid difference in Hz
3. Processing of raw data to SLC format, using the nominal Doppler
Centroids calculated in the previous step. A criterion in this stage
was to keep those pairs whose Doppler Centroid differences were not
more than half the azimuth bandwidth, which in this case is half the
PRF (∼ 1600 MHz).
4. Perpendicular baseline estimation using orbital information.
5. Co-registration of multi-looked (5 looks in azimuth) SLCs using an
available SRTM DEM of the area. For pair 1 the standard deviations
of the model fit used to resample the Slave (ERS-2) image to the
Master (Envisat) geometry were 0.0247 and 0.0613 pixel spacing in
range and azimuth respectively (i.e. 0.5 m in range and 1.23 m in
azimuth), while for pair 2 the corresponding values were 0.0183 and
0.036 pixel spacing.
6. Interferometric processing that consisted of the generation of the initial
multi-looked interferogram using common band filtering in range and
azimuth, estimation and removal of residual orbital fringes using fringe
rate for refining the baseline estimate, and generation of the coherence
map.
7. Phase unwrapping using the Minimum Cost Flow technique or a branch-
cut algorithm (Annex A).
8. Product refinement by estimating any residual baseline components
that were not previously accounted for, compensating for residual
quadratic phase components and smoothing the interferogram via the
application of an adaptive (to the fringe rate) spatial filter.
9. Conversion of the final interferogram to elevation.
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3.4.3 ERS-Envisat coherence
An interesting task is to analyse the patterns evident on the coherence maps
derived for the two tandem pairs, in terms of the decorrelation factors pre-
sented in Sections 2.2.3 and 3.4.1. Figure 3.18 shows the coherence overlaid
with a mosaic of two LANDSAT 5 TM scenes, for pairs 1 and 2.
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Figure 3.18: CInSAR coherence over Attica for image pair 1 (left) and
2 (right). Bright areas correspond to high coherence, whereas dark to
low.
Careful inspection of the coherence behavior for the two tandem pairs,reveals
that spatial resolution deteriorates from the eastern (near range for the de-
scending tracks used) to the western (far range) parts of the maps. This
is mainly due to the range dependent common band filtering in range and
azimuth (Annex B.1), performed during the CInSAR processing.
In the azimuth, direction Figure 3.19 depicts the Doppler Centroid vari-
ation in range as a function of range samples. Whereas for pair 1 ∆fDC
increases from near range (225 Hz) to far range (500 Hz), leading to stronger
azimuth filtering and hence reduction of the azimuth resolution, for pair 2
it maintains a constant value (∼150 Hz).
The same applies for the resolution in the range direction. Since the
perpendicular baseline B⊥ varies across the swath, the spectral shift defined
in Equation 3.1 varies with range. The variation of the fractional band-
width used during range CB filtering is shown in Figure 3.20 for the two
pairs. Special reference should be made to tandem pair 1 which in the far
range the fractional bandwidth is 1.76% with respect to the optimum one
(100% =16 MHz), leading to filtering out most of the phase information
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Figure 3.19: Doppler Centroid variation in range for tandem pair 1
(top) and pair 2 (bottom).
available. However, still, sufficient coherence was achieved as it can be in-
ferred from investigating Region 1 (R1 in Figure 3.18). As it will be shown
in the Section 3.4.4, this degree of coherence was enough to extract an ac-
curate DEM. Comparing though the common regions of the two coherence
maps (eastern part of the left subplot and western part of the right subplot
of Figure 3.18, it can be inferred that although similar coherence statistics
were obtained due to sufficient common band filtering, the spatial resolution
of tandem pair 1 is less than that of pair 2.
Coherence in R1 also reveals a processing shortcoming. One can observe
three vertical stripes within which the coherence decreases from right to left
in each one of them. This is caused by the fact that the spectral shift was
calculated for window stripes of 512 range samples (to increase SNR) and
therefore common band spatially adaptive filters were applied. This is not
optimum for all the 512 range samples, leading to residual band not being
common on both SAR scenes. The coherence deterioration is then dictated
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(eastern part of the top of Fig. 2 and western part of the 
bottom of Fig. 2), it can be seen that although similar 
coherence statistics were obtained due to sufficient 
common band filtering, the spatial resolution of tandem 
pair 1 is less than that of pair 2.  
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Coherence in R1 also reveals a processing shortcoming. 
One can observe three vertical stripes within which the 
coherence decreases from right to left in each one of 
them. This is caused by the fact that the spectral shift 
was calculated for window stripes of 512 range samples 
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R3 
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Figure 3.20: Range variation of the fractional bandwidth used during
Common Band filtering.
by surface decorrelation.
Surface decorrelation occurs also when common band filtering fails by not
taking into account the local slope ψs in Equation 3.1. Coherence as a func-
tion of the terrain slope is shown in Figure 3.21, for the geometry scenario
of pair 1. Region 2 in Figure 3.18 contains a mountainous area where inter-
ferometric phase is completely incoherent, due to insufficient range spectral
overlap.
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Figure 3.21: Coherence as a function of terrain slope for different per-
pendicular baselines. Bn = B⊥ stands for the perpendicular baseline.
Volume decorrelation appears to be the dominant factor in Region 3 (R3
in Figure 3.18) which contains the Greek capital city, Athens. The altitude
of ambiguity for pairs 1 and 2 according to Equation 2.11 is 6.58 m and
84 Chapter 3. InSAR applications
5.09 m respectively, assuming flat terrain. This poses a restriction to the
height dispersion of the scatterers within the resolution cell to σh < 1.24
and σh < 0.95 correspondingly. It can be confirmed that the urban region
in R3 presents low coherence in most parts, due to the above stringent limits.
However, there are some clusters of pixels which exhibit strong coherence.
These correspond mainly to flat areas and parks within Athens.
In the right part of R3 is located mountain Imittos where total loss of
coherence occurs. This can be attributed to both surface and temporal
decorrelation. In fact, the role of temporal decorrelation can be appreciated
by considering the underlying land cover of the area of interest. This is
presented in Figure 3.22, where CORINE Land Cover (CLC 2000) [Euro-
pean Environmental Agency, 2000] data were used to distinguish between
three different classes: artificial surfaces (urban settlements, industrial sites
and transport units), agricultural areas (arable land, crop and pastures)
and forested areas (all types of forests and shrubs). A direct comparison of
Figure 3.22 with Figure 3.18 demonstrates that vegetated areas are mostly
completely decorrelated (the 28 minutes interval proved to be quite long for
most types of vegetation), urban areas present moderate to low coherence
levels, whereas agricultural areas exhibit high coherence. Typical are Re-
gions 1 and 4, where the agricultural geometries derived from CLC 2000
overlap to a great extent with the high coherence areas of Figure 3.18. It
should be mentioned that the acquisition times of the two tandem pairs were
during late autumn - winter seasons, where the phase signature of most crops
resembles that of bare soil.
3.4.4 DEM generation
The localised nature of regions of high coherence levels, pose a restriction
in the generation of a global DEM for the full scene swath. However, in
certain scenarios, high accuracy DEMs can be derived for confined coherent
areas. The basic concept is to start from a lower resolution DEM, such as
from SRTM DEM, and refine the high spatial frequencies from ERS-Envisat
interferometry. In CInSAR, the value range of the altitude of ambiguity
allows for very accurate DEM reconstruction, due to the increased height
sensitivity.
Two sites were selected to demonstrate the ability to derive accurate
DEMs from cross-interferometry, which correspond to R1 (extended to the
east) and R4 of Figure 3.22. R1 is mainly a rural area covering 1210 km2.
R4, intended to show the applicability of CInSAR for coastal DEM recon-
struction, is also agricultural covering 190 km2. The processing from raw
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Figure 3.22: Generalized land cover classes in Attica according to CLC
2000. Light yellow corresponds to artificial surfaces, orange to agri-
cultural areas and green to forests and semi-natural areas.
data to phase unwrapping and conversion to height was thoroughly described
in Section 3.4.2.
In Figure 3.24 the CInSAR derived DEM is compared to the SRTM
derived DEM for tandem pair 1, while in Figure 3.24 the same layout is
adopted for tandem pair 2. The SRTM, originally with a spatial resolution
of 90 m, was resampled to 25 m, to match the pixel spacing of the georefer-
enced DEM originating from SAR imagery. The color cycle for Figures 3.24
and 3.24 were set to equal the respective altitude of ambiguities of the two
tandem pairs, aiming at highlighting the height sensitivity of CInSAR.
3.4.5 Section conclusions
Cross-interferometry was demonstrated for two tandem ERS-Envisat frames.
While for the one tandem pair its perpendicular baseline was close to the
compensation baseline Bcomp.⊥ , for the second pair it was marginal (∼ 1400
m). Under these non-ideal conditions though, CInSAR was achieved, outlin-
ing the importance of appropriate, spatially adaptive common band filtering.
This came, however, at the expense of spatial resolution. In general, it can
be inferred that the same elevation pattern can be recognized in both SRTM
and CInSAR DEMs. However the latter is much smoother, underlying the
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Figure 3.23: Digital Elevation Model derived from resampled SRTM
(top) and CInSAR (bottom) of tandem pair 1 in R1. The color cycle
corresponds to 6.5 m.
noise reduction capabilities of the technique in terms of accurate elevation
estimation. CInSAR DEM was in agreement with the existing SRTM DEM,
significantly suppressing the local height variations of the latter, as a result
of the increased height sensitivity offered by the use of long perpendicular
baselines. The disadvantage of the method however is clear: the reduced
spatial coverage of the output DEM.
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Figure 3.24: Digital Elevation Model derived from resampled SRTM
(left) and CInSAR (right) of tandem pair 2 in R4. The color cycle
corresponds to 5 m.
Another important observation is that CInSAR coherence maps can be
used for land use/land cover classification applications. Urban areas are
affected by volume decorrelation leading to partial coherence degradation,
hilly and vegetated regions exhibited total coherence loss due to surface and
temporal decorrelation, and agricultural areas and flat bare soils show high
coherence. Appropriate models of these decorrelation factors though can be
generated for the development of an effective classification tool.

Chapter4
Study on the wider Athens
metropolitan area
The wider Athens metropolitan area presents a challenging and quite an in-
teresting setting for the implementation of radar interferometric techniques.
On the one hand there are complex regional geotectonic characteristics with
several active and blind faults, one of which gave the deadly Mw 5.9 Athens
earthquake on September 1999 (Section 3.2), on the other Athens is heavily
urbanized in the sense that intense construction activities have been taking
place in the last fifteen years in the framework of the 2004 Olympic games
and following urban planning for sustainable European cities.
The area is covered by a rich dataset of SAR data, consisting of both as-
cending and descending tracks, originating from ERS-1, ERS-2 and Envisat
satellite platforms, and spanning from May 1992 up to September 2010. The
urban and peri-urban nature of the study area increases the probability of
high density of point-wise scatters, which allows the successful application
of SBAS and PSI methods for the robust identification of ground displace-
ment signals. Most importantly, the multi-track dataset available provides
a unique opportunity for (i) assessing the performance of the applied tech-
niques using independent data and (ii) decomposing the generated velocities
to their vertical and horizontal components.
Results of the thorough time-series analysis indicate that a large area
containing the Kifisia municipality has been subsidizing in the period 1992-
1999 and has been uplifting since 2002. This is attributed to water extraction
activities that took place in the first period and ceased in late 1995. Since
then the region is on a restoration phase. Additionally, a zoom in Thriasio
Pedio showed that there were no subtle vertical crustal deformation signals
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with noteworthy magnitude prior to the 1999 earthquake, but observed clear
zones of horizontal displacement with opposite signs close to the earthquake
epicenter, relating to tectonic strain accumulation. Finally, the extended
spatial coverage of the ground velocity maps provided for the first time
valuable information for the local displacement patterns in the wider Athens
area, with unprecedented accuracy.
4.1 Geodynamic setting
The city of Athens is a densely populated urban Metropolis, covering about
200 Km2. The socio-economic importance of the city is well known. Over
the years the regional seismic hazard potential has been studied, while the
most severe event was the Athens earthquake held on September 7, 1999
with a large number of damages and human casualties. During the last
decades an intense construction activity has taken place in the city. In
the wide frame of the preparation of the Olympic Games 2004 in Athens,
several major infrastructure projects like Eleftherios Venizelos International
Airport, Athens sub-way, new tram lines, and highways have been realised.
This construction activity together with old mining works and the geophys-
ical phenomena reported (e.g. earthquakes, possible subsidence due to ex-
tended water pumping, shrink and swell of geological formations - especially
clay-rich) constitute a complex setting, dictating the city monitoring with
geodetic tools over the years.
4.1.1 Seismotectonic regime
Greece
The earth’s lithosphere beneath the eastern Mediterranean constitutes a
broad boundary region between three major tectonic plates, the Eurasia,
Africa, and Arabia plates. The motions of the major plates drive smaller
plates, and it is the shapes and motions of these smaller plates that de-
termine the locations and focal mechanisms of most earthquakes in the re-
gion1. One of the major subduction zones in the Mediteranean, the Hellenic
Arc, is located not far off the Ionian Islands. It separates the Eurasian
Plate in the north from the African Plate in the south and represents the
most important element in the configuration of plate tectonics in the eastern
Mediterranean. The Adriatic microplate is being subducted by the actively
overriding Aegean microplate2. The latter is moving in southwestern direc-
1http://earthquake.usgs.gov/earthquakes/world/greece/tectonic_summary.php
2http://www.geo1.uni-mainz.de/1168.php
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Figure 4.1: Simplified tectonic map of the Eastern Mediterranean with
zones of cogaherent motion. Arrows show observed direction of motion
relative to Eurasia. Solid lines are strike-slip fault. Lines with trian-
gles are thrust faults. Reproduced from Kotzev et al. [2001], modified
from McClusky et al. [2000].
tion with an averaged speed of up to 30 mm/yr [Kahle et al., 2000]. An
overview of the tectonic motion governing eastern Mediterranean is shown
in Figure 4.1.
The seismotectonics of southern Greece are governed primarily by the
motion of the Africa plates with respect to the relatively small Aegean
Sea plate. Active subduction is responsible for the high seismicity and the
huge number of folded and disturbed Pliocene-Quaternary deposits in the
area [Doutsos et al., 1987]. Seismicity is concentrated in east-trending and
northeast-trending zones of deformation. The east-trending zones are most
prominent in mainland Greece, are characterized by predominantly normal
faulting, and have produced earthquakes with magnitudes of about seven.
The northeast-trending belts are characterized by predominately strike-slip
fault earthquakes. A northeast-trending zone of predominantly strike-slip
earthquakes occurs off the west coasts of Cephalonia and Lefkada, west-
ern Greece, and other northeast-trending zones occur beneath the Aegean
Sea east of the Greek mainland. In the twentieth century, an earthquake of
magnitude 7.2 occurred on a northeast-trending strike-slip fault beneath the
92 Chapter 4. Study on the wider Athens metropolitan area
Figure 4.2: Major earthquakes in Greece since 1900 with magnitude
greater than 5.5 [USGS, 2013].
northern Aegean Sea [USGS, 2013]. Figure 4.2 depicts the major seismic
events since 1900 that occurred in Greece. Additional information for more
recent earthquakes can be found in https://www.eeri.org/category/learning-from-earthquakes/
greece/.
The Africa plate subducts beneath the Aegean Sea plate along the Hel-
lenic arc, from the western Peloponnesus through Crete and Rhodes to west-
ern Turkey, at a rate of almost 40 mm/year. Shallow-focus earthquakes
(focal depths less than 50 km) occur on faults in the boundary-region of
the two plates. From Crete to the west and northwest, most shallow earth-
quakes near the Hellenic-arc plate boundary are produced as the result of
reverse or strike-slip motion, although some normal-faulting earthquakes do
occur. To the east of Crete, the Hellenic-arc plate boundary is character-
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ized by normal-fault and strike-slip earthquakes. Shallow-focus earthquakes
also occur in the volcanic arc that is associated with the subduction of the
Africa plate beneath the Aegean Sea plate, in the Dodecanese and Cyclades
Islands, over 100 km north of Crete. The region near the volcanic arc is
characterized by normal faulting. The magnitude 7.8 earthquake of July 9,
1956, south of Amorgos, produced a large tsunami that affected the entire
Aegean Sea. Intermediate-depth earthquakes (depths greater than 50 km)
occur within the subducting Africa plate beneath central Greece and the
Dodecanese and Cyclades Islands. An earthquake having a focal depth of
about 100 km and a magnitude of 7.7 occurred beneath the Dodecanese
Islands in 1926 [USGS, 2013].
Attica
The Athens plane lies in a piece of crust under extension. The wider area is
characterised by successive tectonic structures, namely neotectonic grabens
and horsts, while Attica in particular contains major tectonic striking zones
in the NNE-SSW direction [Lekkas, 2001]. These zones separate the moun-
tains of Parnitha and Aegaleo on the west from the mountains of Pendeli
and Imittos on the east, as seen in Figure 4.3.
Furthermore, the region of NE Attica forms a tilted tectonic block bounded
by the Afidnai fault (active with low slip-rate E-W trending, 14 km long)
to the south and the Oropos fault to the North that rotates to the S-SW.
This tilt produces southern trending flow directions draining the footwall
within the block. This block is divided by a NNE-SSW detachment fault
that separates the metaporphic units to the east from the unmetamorphic
units to the west [Papanikolaou and Papanikolaou, 2007]. This detachment
pases from the Ochtonia cape in the Aegean coast of Southern Evia, through
Aliveri to Kalamos in northeast Attica and continues to the southwest into
the plain of Athens approximately along the Kifissos river [Xypolias et al.,
2003].
4.1.2 Geology of Attica
The geological structure of Attica, as in much of Greece, is dominated by
a series of nappes stacked up during Alpine compressional movements. The
oldest rocks in the region occur in one of the higher nappes along the north-
west borders of Attica, in the mountains of Aegaleo and Parnitha. These
mountains are dominantly made of Triassic limestones of the Pelagonian
Zone similar to those occurring as far north as Thessaly and western Mace-
donia. The southern and eastern parts of Attica are underlain by schists and
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Figure 4.3: Major tectonic-neotectonic structures in the wider area of
Attica and the epicenter of the September 1999 Athens earthquake,
reproduced from Lekkas [2001] (1. Post alpine deposits of Upper
Miocene-Holocene, 2. Alpine basement rocks mainly of Mesozoic car-
bonates, 3. Alpine basement rocks mainly of Mesozoic metamorphics,
4. Major active neotectonic faults, 5. Major tectonic contact separat-
ing the two groups of alpine basement rocks).
marbles of the Attic-Cycladic Metamorphic Belt similar to those in southern
Evia and the Cycladic islands. These marbles make up the mountains of
Imittos and Penteli, as well as the hills around Marathon and Lavrion. The
next highest nappe is made of schists, cherts and ophiolites, which is in turn
overlain by lightly metamorphosed and unmetamorphosed limestones and
flysch sediments of Cretaceous to Eocene age. The uppermost part of this
series is called the Athens Schist.During the Neogene period compressional
forces associated with Alpine mountain-building ceased. Erosion and fault-
ing produced a series of basins which were flooded by the sea and filled with
sandstone, shale, clay and limestone. These rocks are still in their original
places of deposition, except that they have been raised above sea-level by
geologically recent tectonic movements [Higgins and Higgins, 1996].
The tectono-stratigraphic configuration in Attica is represented by a
lower tectonic unit-LTU and an upper tectonic unit-UTU (Figure 4.4). On
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Figure 4.4: Generalised map showing the geological setting of Attica.
The cross close to Lavrion indicates the location of the main granodi-
otite stock. Dashed thick line in N. Attica corresponds to the inferred
contact between LTU and Almyropotamos unit. Reproduced from Liati
et al. [2013].
Imittos mountain, Triassic dolomites and a metaclastic sequence with tuffa-
ceous metavolcanics tectonically underlie the LTU and possibly constitute
the para-autochthonous of Attica. The UTU is overlain by the non-metamorphic
sub-Pelagonian zone comprising Late Paleozoic to Early Tertiary sedimen-
tary rocks and Jurassic ophiolite lithologies (mafic volcanics, serpentinites
and cherts). More detailed information of the geology regime of Attica is
elaborated by Liati et al. [2013].
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4.1.3 Athens seismicity
Following data from historical times and the more recent local seismicity
measurements in the wider Athens metropolitan area, Attica was consid-
ered to be located at a low to medium geo-hazard zone (originally placed
in the zone of low seismicity in the seismic code of 1959, and was later up-
graded to a higher seismic zone) [Galanopoulos, 1972]. Indeed, apart from
the September 7, 1999 moderate (Mw 5.9) normal faulting earthquake that
occurred in the northwest of Athens causing heavy damages and casualties
(see Section 3.2), no other major events have been recorded in the area.
The seismic history of Athens spans over 25 centuries. In the 5th cen-
tury BC, there are reports of earthquakes that have been associated with
the graven of the North Evia Gulf [Lekkas, 2001]. After an information gap
of almost 16 centuries, during which the city was reduced to an insignificant
town, the records offer an account of rather severe earthquake damage to
the city on September 3, 1705. The earthquake caused considerable damage
to various structures in and around the Acropolis. Subsequent small earth-
quakes have caused panic and some damage to precarious stone monuments
[Makropoulos et al., 1989; Papazachos et al., 1997]. On April 20 and 27,
1894, two large events of magnitude 6.4 and 6.7, respectively, caused minor
damage to several buildings and ancient monuments. The earthquakes orig-
inated in the north Euboia Gulf, around 100 km from Athens. At that time
the city numbered 140,000 inhabitants.
4.2 Datasets and processing strategy
This section presents the input datasets that were used in the interferometric
analysis, and the core processing strategy that was adopted.
4.2.1 SAR data from multiple tracks
More than 150 SAR images were ordered through EOLi, the European Space
Agency’s client for Earth Observation catalogue and ordering services, cov-
ering the county of Attica. Data from two descending and adjacent tracks,
tracks 236 and 465, and one ascending track, track 372, originating from
both ERS and Envisat satellites were archived. Figure 4.5 shows the foot-
prints of the available tracks, along with the Area Of Interest (AOI) in the
Athens metropolitan area. The total area processed is more than 2350 km2,
which is considered quite large and challenging for SAR time-series analy-
sis. This led to machine memory problems during processing that had to
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be handled appropriately to ensure coverage of the full spatial extent of the
AOI and the timely execution of the entire process.
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Figure 4.5: AOI in the Athens metropolitan area, and the correspond-
ing footprints of the two adjacent descending and the one ascending
satellite tracks.
Additionally, following the requirements set for conventional SAR inter-
ferometry, defined in Section 2.2.3, several acquisitions were not included in
the subsequent time-series analysis. This is justified as follows:
• Problematic acquisitions and scenes that included only partially the
area of interest were excluded.
• In 2001, the failure of several on-board gyro systems3 in ERS-2 satellite
led to synthesising the same area after each satellite pass with variable
squint angles, which in turn led to large Doppler Centroid variations.
Therefore, ERS-2 imagery since 2001 was not used.
• ERS-Envisat interferometry was shown in Section 3.4 to be feasible
only for a rather reduced range of normal baselines, rendering pro-
hibitive the coherent combination of cross-interferograms for a reliable
time-series analysis.
• The PSI and SBAS techniques are aided by assuming a linear ground
velocity model to decompose and estimate the various contributing
3http://www.esa.int/Our_Activities/Observing_the_Earth/ERS-2_goes_
gyro-less
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sources in the interferometric signal. Large errors can be introduced,
if strong non-linear phenomena are included in the analysis. For this
reason the 1999 earthquake should not be part of the time-series pro-
cessing, as it triggered a large scale and abrupt subsidence pattern,
within the extent of the study area (Section 3.2).
• The perpendicular baseline criterion was left to be less strict, since the
PSI technique identifies point scatterers that remain coherent regard-
less of the imaging geometry.
Considering the arguments above, two distinct temporal sets were stud-
ied, namely the 1992-1999 period consisting exclusively of ERS-1 & 2 images
and the 2002-2010 period consisting exclusively of Envisat data. For each
of the three single tracks available and for each time period, a Master scene
was selected using the expected coherence of the interferometric stack, de-
fined at Section 2.3.2 in Equations 2.38 and 2.39. A total number of six
completely independent stacks were analysed, which are summarised in Ta-
ble 4.1. Their characteristics are shown in Tables 4.2, 4.3, 4.4, 4.5, 4.6, 4.7
where the scene in red bold is the corresponding Master scene for each stack.
The temporal coverage of the stacks, over the Athens metropolitan area, is
shown in Figure 4.6.
It should be noted that for the interferometric stacks comprising of less
then 20 SAR images, the time-series analysis is quite challenging, demanding
careful tuning of the various processing parameters, such as:
• Maximum expected topographic error
• Number of patches in range and azimuth in which the AOI is split,
and length of the common area between neighbouring patches
• Sizes of the various smoothing filters
• Phase noise standard deviation thresholds
• Phase unwrapping methods
• Selection of correctly unwrapped interferograms for the initial mod-
elling of the displacement velocity field.
4.2.2 Processing chains
In literature, two main groups of persistent scatterer methods can be found,
representing two different approaches: those that select pixels based mainly
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Figure 4.6: Temporal coverage of the six interferometric stacks. The
vertical dashed line corresponds to the timing of the September 7, 1999
Athens earthquake.
Table 4.1: The six distinct interferometric stacks processed
Stack Time interval Satellite track Satellite Mode Total scenes
I 1992-1999 236 ERS Descending 37
II 1992-1999 465 ERS Descending 30
III 1992-1999 372 ERS Ascending 18
IV 2003-2010 236 Envisat Descending 18
V 2002-2010 465 Envisat Descending 28
VI 2003-2008 372 Envisat Ascending 15
on their phase variation in time [Ferretti et al., 2001; Kampes, 2006], and
those that use mainly correlation of their phase in space [Hooper et al.,
2004; van der Kooij et al., 2006]. These two approaches were implemented
for the SAR time-series processing of Athens, starting with the commercial
Interferometric Point Target Analysis (IPTA) [Wegmu¨ller et al., 1998] ap-
proach proposed by GAMMA Remote Sensing company as a representative
of the first group. This technique was employed for interferometric stack
II only. Then, the open-source Stanford Method for Persistent Scatterers
(StaMPS) approach [Hooper et al., 2007] which belongs to the second group
of methods was applied to all six interferometric stacks. While both method-
ologies provide broadly similar results, the practical discrepancies identified
are discussed in Section 4.4.2.
In the next paragraphs a short description of the specific steps taken for
the two distinct processing chains are described, along with the choice of the
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Table 4.2: SAR data and interferometric parameters for stack I
No Date Satellite Orbit No Γφa B⊥(m)b ∆T (days)c ∆fDC(Hz)d
1 18/05/1992 ERS-1 4389 4.79 -801.4 -1459 289
2 22/06/1992 ERS-1 4890 4.02 -1000.5 -1424 310
3 27/07/1992 ERS-1 5391 8.45 109 -1389 249
4 31/08/1992 ERS-1 5892 8.74 95.5 -1354 269
5 05/10/1992 ERS-1 6393 8.11 470.3 -1318 274
6 09/11/1992 ERS-1 6894 9.01 212.3 -1283 249
7 14/12/1992 ERS-1 7395 9.17 88.8 -1248 314
8 03/05/1993 ERS-1 9399 9.21 425.7 -1109 287
9 12/07/1993 ERS-1 10401 4.86 -1044.6 -1039 284
10 20/09/1993 ERS-1 11403 9.63 426.5 -969 270
11 29/11/1993 ERS-1 12405 8.50 582.1 -898 305
12 26/04/1995 ERS-1 19763 10.04 -574.8 -386 286
13 31/05/1995 ERS-1 20264 11.66 -204.2 -351 326
14 06/07/1995 ERS-2 1092 8.92 -820 -315 34
15 10/08/1995 ERS-2 1593 12.51 -68.5 -280 -4
16 13/09/1995 ERS-1 21767 8.13 -870.7 -246 275
17 14/09/1995 ERS-2 2094 9.14 -787.7 -245 -17
18 18/10/1995 ERS-1 22268 8.46 669.3 -210 286
19 19/10/1995 ERS-2 2595 6.11 873.1 -209 -26
20 27/12/1995 ERS-1 23270 10.54 435.5 -140 298
21 28/12/1995 ERS-2 3597 12.32 168.6 -139 33
22 06/03/1996 ERS-1 24272 11.03 357 -70 246
23 15/05/1996 ERS-1 25274 12.21 127.3 -1 281
24 20/06/1996 ERS-2 6102 12.07 -368.1 35 20
25 29/08/1996 ERS-2 7104 8.57 -844.6 105 3
26 03/10/1996 ERS-2 7605 11.56 -437.6 140 11
27 07/11/1996 ERS-2 8106 5.07 942.6 175 -1
28 12/12/1996 ERS-2 8607 10.21 -611.8 210 28
29 20/02/1997 ERS-2 9609 11.04 -455.7 280 104
30 27/03/1997 ERS-2 10110 11.66 16.8 315 68
31 27/11/1997 ERS-2 13617 10.17 63.3 560 11
32 30/07/1998 ERS-2 17124 9.04 -172.5 805 25
33 03/09/1998 ERS-2 17625 8.87 -18.6 840 60
34 17/12/1998 ERS-2 19128 5.81 -780.9 945 83
35 15/07/1999 ERS-2 22134 6.57 91.3 1155 40
36 19/08/1999 ERS-2 22635 2.16 1037.9 1190 58
M 16/05/1996 ERS-2 5601 12.96 n/a n/a n/a
a Expected stack coherence
b perpendicular baseline
c time interval (days)
d Doppler Centroid difference
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Table 4.3: SAR data and interferometric parameters for stack II
No Date Satellite Orbit No Γφ B⊥(m) ∆T (days) ∆fDC(Hz)
1 25/11/1992 ERS-1 7123 5.79 340.2 -1109 278
2 30/12/1992 ERS-1 7624 4.52 -601.2 -1074 307
3 23/06/1993 ERS-1 10129 8.22 -196.1 -899 255
4 10/11/1993 ERS-1 12133 9.23 -109 -759 272
5 16/06/1995 ERS-1 20493 12.16 -280 -176 280
6 21/07/1995 ERS-1 20994 13.43 -18.7 -141 289
7 22/07/1995 ERS-2 1321 13.74 -35.8 -140 13
8 25/08/1995 ERS-1 21495 13.56 -197.4 -106 226
9 26/08/1995 ERS-2 1822 12.42 -272.5 -105 -56
10 29/09/1995 ERS-1 21996 13.07 144.9 -71 284
11 30/09/1995 ERS-2 2323 9.03 560.7 -70 -1
12 03/11/1995 ERS-1 22497 8.87 564.4 -36 258
13 04/11/1995 ERS-2 2824 11.16 397 -35 4
14 08/12/1995 ERS-1 22998 13.49 145.2 -1 225
15 12/01/1996 ERS-1 23499 13.88 -43.3 34 182
16 13/01/1996 ERS-2 3826 14.14 -135.4 35 -48
17 22/03/1996 ERS-1 24501 2.46 -1188.5 104 195
18 06/07/1996 ERS-2 6331 12.07 227.5 209 -34
19 10/08/1996 ERS-2 6832 13.57 -180.4 244 -74
20 19/10/1996 ERS-2 7834 10.28 408.2 314 -11
21 13/12/1997 ERS-2 13846 7.54 -679.6 735 -24
22 15/08/1998 ERS-2 17353 11.16 -209.6 979 41
23 19/09/1998 ERS-2 17854 7.23 -668.9 1014 28
24 24/10/1998 ERS-2 18355 10.81 -159.2 1049 31
25 28/11/1998 ERS-2 18856 10.29 -247.4 1085 -3
26 06/02/1999 ERS-2 19858 9.58 -328 1155 117
27 22/05/1999 ERS-2 21361 9.35 -239.4 1259 18
28 26/06/1999 ERS-2 21862 8.01 185.8 1294 57
29 31/07/1999 ERS-2 22363 7.23 182.7 1329 44
M 09/12/1995 ERS-2 3325 14.25 n/a n/a n/a
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Table 4.4: SAR data and interferometric parameters for stack III
No Date Satellite Orbit No Γφ B⊥(m) ∆T (days) ∆fDC(Hz)
1 01/07/1992 ERS-1 5026 3.71 -147.2 -1739 237
2 12/05/1993 ERS-1 9535 4.73 -473.3 -1424 199
3 16/06/1993 ERS-1 10036 3.89 -690.6 -1389 201
4 21/07/1993 ERS-1 10537 4.87 -458 -1354 218
5 31/03/1995 ERS-1 19398 6.36 -237.4 -736 182
6 14/07/1995 ERS-1 20901 6.88 85.9 -631 220
7 15/07/1995 ERS-2 1228 6.92 105 -630 -33
8 24/05/1996 ERS-1 25410 6.77 221.9 -316 240
9 25/05/1996 ERS-2 5737 6.72 303.9 -315 -10
10 14/06/1997 ERS-2 11248 7.49 -66 70 7
11 23/08/1997 ERS-2 12250 7.46 144.9 140 -58
12 17/10/1998 ERS-2 18262 2.47 929.4 560 -30
13 26/12/1998 ERS-2 19264 5.96 -203.1 630 -140
14 06/03/1999 ERS-2 20266 6.44 -61.2 700 -83
15 15/05/1999 ERS-2 21268 5.80 -192.6 770 -35
16 19/06/1999 ERS-2 21769 4.12 606.6 805 4
17 24/07/1999 ERS-2 22270 4.27 -139.5 840 9
M 05/04/1997 ERS-2 10246 7.75 n/a n/a n/a
Table 4.5: SAR data and interferometric parameters for stack IV
No Date Satellite Orbit No Γφ B⊥(m) ∆T (days) ∆fDC(Hz)
1 10/04/2003 Envisat 5801 5.67 540 -1050 44
2 19/06/2003 Envisat 6803 5.98 181.7 -980 21
3 06/11/2003 Envisat 8807 2.54 -672.8 -840 -116
4 15/01/2004 Envisat 9809 6.78 373.7 -770 -27
5 03/06/2004 Envisat 11813 6.23 758.3 -630 -28
6 08/07/2004 Envisat 12314 6.55 3.5 -595 -18
7 21/10/2004 Envisat 13817 5.14 951.1 -490 -23
8 03/02/2005 Envisat 15320 6.88 39.7 -385 -28
9 14/04/2005 Envisat 16322 7.27 484.7 -315 -23
10 28/07/2005 Envisat 17825 6.95 614.5 -210 -20
11 10/11/2005 Envisat 19328 5.66 851.1 -105 0
12 19/01/2006 Envisat 20330 2.61 -732.1 -35 6
13 08/02/2007 Envisat 25841 6.22 105.1 350 -10
14 12/02/2009 Envisat 36362 4.44 223.3 1085 -1
15 04/03/2010 Envisat 41873 3.61 159.2 1470 -6
16 08/04/2010 Envisat 42374 3.35 549.3 1504 -15
17 17/06/2010 Envisat 43376 3.20 449.3 1574 -4
M 23/02/2006 Envisat 20831 6.57 n/a n/a n/a
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Table 4.6: SAR data and interferometric parameters for stack V
No Date Satellite Orbit No Γφ B⊥(m) ∆T (days) ∆fDC(Hz)
1 07/12/2002 Envisat 4026 6.37 614.1 -1120 -66
2 26/04/2003 Envisat 6030 2.78 1298.6 -980 47
3 05/07/2003 Envisat 7032 7.72 -601.4 -910 -18
4 09/08/2003 Envisat 7533 7.14 -729.5 -875 -68
5 18/10/2003 Envisat 8535 6.96 661.8 -805 -133
6 22/11/2003 Envisat 9036 7.54 -723.3 -770 -64
7 27/12/2003 Envisat 9537 7.84 614.2 -735 -17
8 31/01/2004 Envisat 10038 8.14 579.3 -700 -35
9 10/04/2004 Envisat 11040 6.85 739.4 -630 -45
10 15/05/2004 Envisat 11541 10.23 -414.4 -595 -47
11 19/06/2004 Envisat 12043 11.62 -123.6 -560 -44
12 24/07/2004 Envisat 12543 10.33 205 -525 -26
13 28/08/2004 Envisat 13044 11.65 -34.4 -490 -26
14 06/11/2004 Envisat 14046 11.86 -172.6 -420 -38
15 15/01/2005 Envisat 15048 10.72 -422.7 -350 -37
16 19/02/2005 Envisat 15549 8.05 -740.9 -315 -29
17 30/04/2005 Envisat 16551 8.14 524.4 -245 -37
18 04/06/2005 Envisat 17052 10.63 -427.9 -210 -41
19 13/08/2005 Envisat 18054 11.45 -276.8 -140 -43
20 17/09/2005 Envisat 18555 11.86 -142.8 -105 -20
21 11/03/2006 Envisat 21060 11.36 -113.3 70 -6
22 24/02/2007 Envisat 26070 9.29 53.7 420 -19
23 20/12/2008 Envisat 35589 5.78 -332.8 1085 -12
24 22/08/2009 Envisat 39096 5.35 -57.8 1329 -19
25 31/10/2009 Envisat 40098 4.93 -192.9 1400 -18
26 24/04/2010 Envisat 42603 3.97 180.9 1574 -39
27 11/09/2010 Envisat 44607 3.67 31.7 1714 -24
M 31/12/2005 Envisat 20058 11.20 n/a n/a n/a
corresponding key critical parameters. Aiming at automating the processing
chains as much as possible, and given the fact that both methodologies
incorporate a large number of independent processing modules, a set of bash4
and tcsh5 shell, or command language interpreter, scripts were developed.
All software components were used on a Linux operating system, Ubuntu6
distribution.
4http://www.gnu.org/software/bash/bash.html
5http://www.tcsh.org
6http://www.ubuntu.com/
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Table 4.7: SAR data and interferometric parameters for stack VI
No Date Satellite Orbit No Γφ B⊥(m) ∆T (days) ∆fDC(Hz)
1 08/02/2003 Envisat 4935 4.33 444.1 -839 73
2 02/08/2003 Envisat 7440 6.19 -251.6 -665 36
3 11/10/2003 Envisat 8442 6.48 107.4 -595 -34
4 20/12/2003 Envisat 9444 7.02 -79.4 -524 14
5 28/02/2004 Envisat 10446 6.51 240.8 -454 9
6 17/07/2004 Envisat 12450 6.77 -337.7 -315 8
7 21/08/2004 Envisat 12951 4.31 630.5 -280 18
8 30/10/2004 Envisat 13953 4.56 -734.2 -210 11
9 08/01/2005 Envisat 14955 6.67 -361.9 -139 7
10 23/04/2005 Envisat 16458 2.89 -996.2 -35 6
11 04/11/2006 Envisat 24474 5.83 160.9 525 23
12 11/08/2007 Envisat 28482 5.21 57.7 805 25
13 08/03/2008 Envisat 31488 4.37 23 1015 18
14 12/04/2008 Envisat 37989 2.58 356.3 1050 25
M 28/05/2005 Envisat 16959 7.22 n/a n/a n/a
StaMPS
The PSI procedure and key steps adopted in the processing scheme of the
available datasets are summarized in Figure 4.7 and are elaborated in this
section. The initial implementation of StaMPS was developed in 2006 by
Andrew Hooper during his PhD thesis [Hooper, 2006], and has undergone
through significant advancements by means of a dedicated team in the Delft
University of Technology.
An obvious pre-processing step was the focusing of the raw data to Sin-
gle Look Complex images, using the open source ROI PAC softwareV3.0.1,
without multilooking to preserve the full spatial resolution of the source
data. Calibration files, downloaded from ESA, were used. Subsequently,
there are three core parts (Figure 4.7) in StaMPS V3.2, and some optional
subsequent steps, which were all implemented in the study of the Athens
metropolitan area [Sousa et al., 2011]:
1. Interferogram formation. This processing phase was executed pri-
marily within the DORISV4.04beta4 [Kampes and Usai, 1999] and
entailed the following sub-steps:
(a) Master selection was based on the expected stack coherence, as
described in Section 2.3.2. In short the Master scene is chosen
from the available SAR scenes on the basis of favorable geometry
4.2. Datasets and processing strategy 105
related to all other images, high coherence and possibly minimum
atmospheric disturbances.
(b) The focused data were oversampled by a factor of 2 in the range
and azimuth directions to avoid aliasing of the complex interfer-
ometric signal and increase the spatial density of the coherent
pixels, as reported by Sousa et al. [2009].
(c) Co-registration of the Slave images to the Master geometry using
ESA/DORIS and Delft7 [Scharroo and Visser, 1998] orbit state
vectors and the SLC data. For the estimation of an accurate co-
registration polynomial, the co-registration windows were evenly
distributed over the area of interest. In case some interferometric
pairs had large values of temporal separation, perpendicular base-
line and/or Doppler separation, a coregistration algorithm that
uses an amplitude based algorithm to estimate offsets between
Slave images with good correlation was used. The function that
maps the Master image to each Slave image was then estimated
by weighted least squares inversion [Hooper et al., 2007]. Once
the mapping functions were estimated, each image was resampled
to the Master coordinate system, using a 12 point raised cosine
interpolation kernel.
(d) Interferograms were then performed based on classic complex
multiplication of the resampled Master-Slave pairs. No common
band filtering was applied, in order to avoid reducing the spatial
resolution. Therefore, since point scatterers are not affected by
spectral shift, only distributed targets could be missed.
(e) Wrapped differential interferograms were formed by subtract-
ing the topographic contribution after simulating it exploiting
a SRTM V3 DEM [Farr and Kobrick, 2000]. In this step geocod-
ing of the data was additionally performed, by estimating the
position of every pixel in a geocoded reference frame using the
orbital parameters and the DEM.
2. PS selection. Initially, a subset of pixels based on analysis of their
amplitudes was selected, rejecting those least likely to be PS pixels.
Then their phase stability was estimated through phase analysis, which
is successively refined in a series of iterations. The distinct steps are:
(a) Initial selection of the PS candidates based on the statistical re-
lationship between amplitude and phase stability, as described in
7http://www.deos.tudelft.nl/ers/precorbs/orbits/
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Section 2.3.2. A loose threshold of 0.4 for DA was applied, as
most candidates are eliminated in the next steps.
(b) The phase stability of the PSC was analyzed under the assump-
tion that deformation is spatially correlated. For all six inter-
ferometric stacks a maximum uncorrelated DEM error of 25 m
was assumed. Pixels with uncorrelated topographic error greater
than this threshold were not picked. The candidate pixels were
resampled to a 50 by 50 m grid and then the phase observations of
neighboring pixels were filtered (band-pass filter consisting of an
adaptive phase filter combined with a low-pass filter and applied
in the frequency domain) and those with the lowest residual noise
were selected [Sousa et al., 2011]. A phase stability indicator, γχ,
is defined based on the temporal coherence and can be used to
evaluate whether a pixel is a PS:
γχ =
1
N
∣∣∣∣∣
N∑
i=1
exp
{
j
(
φint,χ,i − φ¯int,χ,i −∆φˆh,χ,i
)}∣∣∣∣∣ (4.1)
where N is the number of interferograms and ∆φˆh,χ,i is the esti-
mate of the wrapped phase φint,χ,i of the χ
th pixel in the ith flat-
tened and topographically corrected interferogram. After each
iteration, the root-mean-square change in coherence, γχ, deter-
mined as in Equation 4.1, was calculated. When this ceased to
decrease the solution had converged and the algorithm stopped
iterating.
(c) Then, coherent pixels were selected based on the probability
they are PSs considering both their amplitude dispersion and the
corresponding γχ values, in a process described thoroughly by
[Hooper et al., 2007]. Pixels selected on this step were weeded,
dropping those that are due to signal contribution from neighbor-
ing ground resolution elements (clutter) and those deemed too
noisy. The threshold for maximum allowed phase noise standard
deviation for all pixel pairs was set to 1. The maximum noise al-
lowed for a pixel, varied among the six interferometric stacks, re-
laxing the corresponding parameter value for stacks with reduced
temporal sampling (e.g. for stacks III, IV and VI). It should be
noted that the time series phase for each pair was smoothed using
a Gaussian-weighted piecewise linear fit with 730 days standard
deviation.
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3. Unwrapping and filtering. Working on the pixel subset consisting
of the most probable PSs, their phase was corrected for the estimated
DEM error, by removing the spatially uncorrelated components. At
this stage the phase difference between neighboring PSs should be less
than pi, allowing the successful unwrapping of the phase values. Mak-
ing use of the double differences (temporal and spatial) between Mas-
ter and Slave for two nearby PSs [Hanssen, 2004] and the effective 3D
phase unwrapping algorithm implemented in StaMPS [Hooper, 2009;
Hooper and Zebker, 2007], the unwrapping was performed to resam-
pled data at a grid with 200 m spacing. For certain stacks this value
was modified to avoid some phase unwrapping errors. Finally, there
was an option to apply a high-pass filter in time for the estimation of
the spatially correlated contribution of the Slave images, followed by
a spatial low pass to remove correlated error sources (atmosphere and
orbits).
A more recent extension of StaMPS implements also the SBAS tech-
nique (Section 2.3.3) apart from the previously described PSI approach.
The concept of the implementation is well elaborated by Hooper [2008],
where the method is applied on slowly-decorrelating filtered phase (SDFP)
pixels and minimizing the perpendicular, temporal and Doppler baselines
of the computed interferograms. Table 4.8 summarizes the parameters used
for interferogram formulation of the six stacks for the Athens use case. The
parameters were selected by considering two criteria: (i) coverage of the
entire time span of the observation period with a dense and continuous net-
work of interferometric pairs, and (ii) minimum inclusion of low coherence
pairs that could insert noise during the model estimation process and cause
phase unwrapping artifacts. Notice that for the stacks with reduced num-
ber of SAR data (e.g. for ascending track 372), the parameter values had
to be relaxed in order to obtain the desired fully connected small baseline
interferometric network. Figure 4.8 shows the corresponding distribution
of the Master-Slave pairs, as extracted from the application of the param-
eters noted in Table 4.8, while the tables in Annex C contain the detailed
information for all pairs processed. Additionally, it should be mentioned
that while oversampling has proven its suitability for the PSI technique in
literature, in this work oversampling was applied for the SBAS technique as
well. The corresponding script to perform this was made available8 to the
scientific community specializing in the field.
Finally, in StaMPS, the selected PS and SDFP pixels resulting from the
8https://groups.google.com/forum/#!msg/mainsar/gv2KGhncNnY/NQ42qOMKut0J
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Figure 4.7: Flow diagram of the StaMPS PSI processing chain, modi-
fied from Sousa et al. [2011].
PSI and SBAS analysis respectively are combined to maximize the reliability
of the unwrapped phase by increasing the spatial sampling of the grid that
will be unwrapped. In order to achieve this merge, the equivalent small base-
line interferogram phase, ΨSBχ,i ,is calculated for PS pixels by recombination
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Table 4.8: Key parameters used for SBAS processing scenario of the
six interferometric stacks.
Stack No RHOmin
a DDIFFmax
b BDIFFmax
c No of patches Total IFGs
I 0.45 1600 1070 49 132
II 0.5 1650 1070 72 125
III 0.35 1750 1070 48 58
IV 0.3 1500 1070 48 54
V 0.5 2060 1070 48 99
VI 0.5 1500 1070 48 29
a Minimum allowed coherence for an interferometric pair
b Maximum time in days for total decorrelation to occur
c Critical perpendicular baseline in m
of the single-Master interferogram phase,
ΨSBχ,i = W
{
ΨSBχ,s −ΨSBχ,m
}
(4.2)
where ΨSBχ,s is the single Master phase for the small baseline Slave, Ψ
SB
χ,m
us the single Master phase for the small baseline Master and W
{ • } is
the wrapping operator. When a pixel occurs in both datasets, a weighted
mean value for the phase is calculated by summing the complex signal from
both datasets [Hooper, 2008], with the amplitude of each fixed to an esti-
mate of the signal-to-noise ratio for the pixel in that dataset. Using the
expression 4.1, the SNR is estimated as [Just and Bamler, 1994]:
ŜNR =
1
γ−1χ − 1
(4.3)
The merged cloud of PSI and SBAS in now a rich dataset of points, with
adequate spatial sampling. It should be noted that considering the large
area of interest (∼ 2350 km2) and the fact that it is characterized by mainly
urban land cover, both factors leading to the identification of an increased
number of coherent scatterers, the corresponding hardware requirements for
successfully processing the data at hand were strict. All the aforementioned
steps were processed with the aid of an Ubuntu 8 core i7 CPUs at 2.67GHz
equipped with 3GB of RAM. This configuration led to frequent memory
problems causing the processing chains to stop at an intermediate step. To
this end a lot of StaMPS Matlab scripts, were modified to increase memory
allocation efficiency and allow, therefore, the full and seamless execution of
the chains.
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Stack VI
Figure 4.8: The SBAS interferometric pair networks processed for each
stack, following the parameters defined in Table 4.8. Red circles cor-
respond to the SAR imagery, while the green lines to interferometric
pairs. All computed pairs are part of the same network and no iso-
lated interferograms are formed. The distribution of the perpendicular
baselines is marked in the vertical axis.
GAMMA
Processing with the GAMMA software involved the accurate co-registration
of the SLC complex images to the common Master scene on a subpixel
basis, achieving standard deviations of the order of 0.15 pixels on average
for both range and azimuth directions. The generation of the differential
interferograms was then straightforward, with the use of SRTM3 V3 DEM
data. Precision orbit files associated with each scene were extracted either
from DELFT or from ESA DORIS, depending on data availability. The
corresponding state vectors were created using polynomial interpolation of
the orbit files over the area of interest.
A simplified graphical representation of the flow chart of the subsequent
IPTA analysis is depected in Figure 4.9. The first step was the selection of
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point candidates which do not change their scattering behaviour over time.
This was done through the calculation of the mean/sigma ratio, where mean
is the temporal average of the backscattering signal and sigma is the stan-
dard deviation of the backscattering image from this average. The threshold
for this ratio was set to 1.5. An additional method used for extracting stable
point candidates, by exploiting the concept that a scatterer needs to domi-
nate the clutter scattering in each image [GAMMA, 2009]. A factor of 1.0
was used as a threshold, which meant that the candidate target backscat-
tering had to be above the local spatial average. Merging the two criteria,
more than 350000 point candidates were found for the Athens metropolitan
area (interferometric stack II).
Figure 4.9: Simplified
IPTA flow chart, mod-
ified from GAMMA
[2009].
For the selected point candidates a regression
analysis accounting for the linear component of the
deformation velocity and for the DEM error was
performed. The phase model indicates a linear de-
pendence of the topographic phase on the perpen-
dicular baseline component. Thus, for the phase
differences between two image points a linear de-
pendence on the perpendicular baseline component
is found, with the slope of the regression indicat-
ing the relative height correction. This first esti-
mate was subtracted from the differential interfero-
grams and the regression analysis was tested again.
Through several iterations a first solution was gen-
erated. An intermediate step at this stage was the
refinement of the baselines using the interferomet-
ric data, a procedure necessary to eliminate orbital
errors that appear as coarse phase ramps in the in-
terferograms. It should be mentioned that the iter-
ation process is not an automatic procedure, since
for every step there is a need for consistency check-
ing of the result in terms of unwrapping errors.
Having reached a robust first solution, this was
subsequently subtracted from the original differen-
tial interferograms. The remaining residuals corresponded to the atmo-
spheric signal, the non-linear component of the deformation signal and noise.
The atmospheric contribution was then estimated by taking advantage of
its spatial correlation statistics, through spatial filtering.
The second improved solution was obtained by subtracting the estimated
atmospheric phase from the interferograms and re-running the regression
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analysis. At this point the remaining residuals are mainly considered as
non-linear deformation plus noise. For every linear regression analysis it-
eration the number of accepted point targets was reduced according to the
phase standard deviation from the regression fit which was used as a quality
measure. Point targets which experienced phase standard deviation below
0.65 radians were kept, leaving more than 115000 permanent scatterers.
The final solution was obtained by expanding the previous solution to
more points of the data stack. This was achieved by interpolating the at-
mospheric contribution measured at the selected stable targets to the entire
area of interest, thus obtaining the Atmospheric Phase Screen. Linear re-
gression was again tested against all the initial point candidates, leading to
additional permanent scatterers.
4.3 Time series analysis
This section contains the results that were generated using the data and
methods described in the previous section. The main outcomes are the
ground displacement velocity maps and the deformation histories for se-
lected permanent scatterers. As described in Section 2.3.2, velocity and
deformation are relative to a reference point or area in the AOI. This point
should ideally lay in a stable area. However, the latter is difficult to ensure
for a single point, due to the prevalent complex displacements which take
place in Greece. Alternatively, one could more readily identify a zone rather
than a single point, experiencing insignificant vertical movement. Then, one
could average the velocity estimates in this zone and reference all estimates
to this averaged value. Hereinafter, this zone will be referred to as the
Reference Area (RA) and its location is depicted in Figure 4.10. It has a
dimension of [23.77◦ 23.785◦] in longitude and [38.01◦ 38.023◦] in latitude
(1.3 × 1.4 km), and in the subsequent figures will be noted as a black box.
Scatterers within this area, shown in Figure 4.10, seem to be stable.
4.3.1 The 1992-1999 period
The results for the 1992-1999 period are the focus of this section, right be-
fore the catastrophic September 7, 1999 Athens earthquake. The products
presented herein depict the deformation velocity maps for the first three
interferometric stacks of Table 4.1, including two adjacent descending and
one ascending tracks. Each presented velocity field is followed by the cor-
responding velocity standard deviation map. The model assumes a mean
velocity per pixel and the standard deviation is just a measure of how the
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Figure 4.10: Rectangular reference area used during the time-series
interferometric processing. Velocity estimates for the scatterers within
this box were averaged and this value was used for the reference phase.
The selected area is quite stable.
individual velocity (i.e. the velocity per interferogram) corresponds to the
mean velocity. In other words it is a measure for the dispersion of the in-
dividual measurements with respect to the mean velocity. Therefore, if the
data are noisy or there is non-linear deformation occurring, we would ex-
pect higher values for the velocity std. Figure 4.11 corresponds to Stack I,
Figure 4.12 to Stack II and Figure 4.13 to Stack III.
In general, most parts of the mapped Attica region are relatively stable
and there is no evidence for large scale deformation signals. However there
is a great variety of local scale characteristics in the observed velocity fields,
therefore a closer investigation of Figures 4.11, 4.12 and 4.13 leads to the
identification of areas of special interest. These AOIs are shown in Fig-
ure 4.14 - the background layer originating from Bing Maps9 -, and contain
four points (P1, P2, P3 and P4) whose deformation history is presented in
Figures 4.15, 4.16 and 4.17. In the later set of Figures the unwrapped
9http://www.bing.com/maps/
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Figure 4.11: LOS Velocity field (top) for Stack I and associated stan-
dard deviation (bottom). Black box is the RA.
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Figure 4.12: LOS Velocity field (top) for Stack II and associated stan-
dard deviation (bottom). Black box is the RA.
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Figure 4.13: LOS Velocity field (top) for Stack III and associated stan-
dard deviation (bottom). Black box is the RA.
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phase, converted to deformation with respect to the Master scene, is plotted
using Equation 2.3. The magenta line corresponds to the original unwrapped
phase, the black to the phase after subtracting the estimated DEM error and
orbital effects, and the blue dashed line to the phase after additionally re-
moving the Slave atmospheric contribution. These measurements were then
used to estimate the velocity for each scatterer. Finally, the two green lines
account for deformation deviation from the linear velocity model, by ±λ/4.
In all figures the modelling of the various components of interferometric sig-
nal leads to lower dispersion of the deformation values around the linear
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Figure 4.14: Zoom in selected AOIs for the ERS analysis. AOI 1
corresponds to the velocity field in the wider region around the city of
Piraeus, AOI 2 to the northern suburbs of Kifisia, Ekali and Kryoneri,
while AOI 3 depicts the velocity standard deviation near Avlonas. Sev-
eral points are identified within these AOIs, whose deformation history
is plotted in Figures 4.15, 4.16 and 4.17.
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velocity model.
• AOI1 contains the southern part of Athens, including the port of
Piraeus and key transport axis, such as Leoforos Sygrou which acts as
an escape route from Syntagma square in the centre of Athens to the
sea and Leoforos Piraeus which connects the historic Athens sites with
the city of Piraeus. While the AOI is more or less stable, in Moschato,
cental Piraeus, and in isolated locations (e.g. near Iera Odos and in
Dafni municipality) we observe subsidence of the order of 2-3 mm/yr.
Specifically for Moschato area, as indicated by Parcharidis et al. [2006]
the measured deformation may be attributed to the existing lithology
of the region, covered by alluvial and marshal deposits, both being
deposited in Holocene times by the two main rivers, Kifissos and Ilissos.
The area between the two deltas was a swamp until historical times,
when it was drained. Point P1, located at the far end of the marina
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Figure 4.15: Deformation history for scatterer P1 of the ERS analysis.
Descending track 465 data is used for plotting.
behind the “Peace and Friendship” stadium is a strongly subsidising
point as seen in Figure 4.15. The estimated linear velocity is ∼ -5
mm/yr and is a good fit to the deformation measurements, with low
standard deviation, indicating that certain parts of the marina are
sinking. This is an example of isolated deformation due to a local
instability regime.
• AOI2 is located in the northern suburbs of urban Athens, including
the municipalities of Kifisia, Ekali, Anoixi and Kryoneri. These areas
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exhibit the subsidence with a notable spatial extent and high magni-
tude, for the processed ERS frames in the period 1992-1999. More
details on the geological cause of these subsidence patterns can be
found in Section 4.5. Point P2, which is detected on E1 national high-
way, experiences subsidence of the order of 9 mm/yr, i.e. about 6.3 cm
total deformation in the observation period. The deformation history
for P2, seen in Figure 4.16, validates clearly this local sedimentation
pattern. This is not the case, however, when moving souther to Ki-
Jan92 Dec92 Dec93 Dec94 Jan96 Dec96 Dec97 Dec98 Jan00
−40
−20
0
20
40
60
80
D
ef
or
m
at
io
n 
[m
m]
Date [mmmyy]
Deformation time series for P2 − T372 ERS
 
 
Unwrapped phase converted to deformation
Unwrapped phase minus DEM error and   
orbital ramps converted to deformation
Unwrapped phase minus DEM error, orbital ramps and
slave atmosphere converted to deformation         
Linear velocity model
 ±λ/4
Jan92 Dec92 Dec93 Dec94 Jan96 Dec96 Dec97 Dec98 Jan00
−30
−20
−10
0
10
20
30
40
50
60
D
ef
or
m
at
io
n 
[m
m]
Date [mmmyy]
Deformation time series for P3 − T236 ERS
 
 
Unwrapped phase converted to deformation
Unwrapped phase minus DEM error and   
orbital ramps converted to deformation
Unwrapped phase minus DEM error, orbital ramps and
slave atmosphere converted to deformation         
Linear velocity model
 ±λ/4
Figure 4.16: Deformation history for scatterers P2 and P3 of the ERS
analysis. Ascending track 372 and descending track 236 data are used,
respectively, for plotting.
fisia region, where P3 is located. The estimated linear velocity for this
scatterer is ∼ -7 mm/yr. Inspection of the deformation history reveals
that in the 1992-1999 period there are two distinct phases with respect
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to the target’s movement pattern. From 1992 up until the end of 1995,
the subsidence has higher magnitude than the one estimated for the
entire observation period, around 12 mm/yr. Since then and until Au-
gust 1999, the scatterer remains stable (blue line in Figure 4.16). This
is a characteristic example of non-linear persistent scatter motion.
• AOI3 depicts a region north of the processed frame, near Avlonas city,
where the velocity standard deviation is high. P4 is a scatterer in this
region, mainly consisting of agricultural lands, and its deformation
history is presented in Figure 4.17. All phase values (original, dem
and orbits corrected, Slave atmosphere corrected) and subsequently
all deformation estimates, look behave as random variables. This can
be attributed to either low SNR, i.e. high noise levels, or the fact that
P4 is not actually a real persistent scatterer. Given the spatial corre-
lation of the high std values in the area, the later assumption is more
safe. Trimming the various threshold values in the earlier processing
stages would most probably lead to the elimination of these false PS
points. However there is always a trade-off between commission error
(false alarm) and omission error, therefore it is better to introduce
noisy points to the analysis, considering that their high and spatially
correlated std allows us to disregard them at a post-processing stage,
than missing out on actual PSs.
Jan92 Dec92 Dec93 Dec94 Jan96 Dec96 Dec97 Dec98 Jan00
−30
−20
−10
0
10
20
30
40
D
ef
or
m
at
io
n 
[m
m]
Date [mmmyy]
Deformation time series for P4 − T236 ERS
 
 
Unwrapped phase converted to deformation
Unwrapped phase minus DEM error and   
orbital ramps converted to deformation
Unwrapped phase minus DEM error, orbital ramps and
slave atmosphere converted to deformation         
Linear velocity model
 ±λ/4
Figure 4.17: Deformation history for scatterer P4 of the ERS analysis.
Descending track 236 data is used for plotting.
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4.3.2 The 2002-2010 period
This section contains the results for the next three Stacks of Table 4.1.
Figure 4.18 corresponds to Stack IV, Figure 4.19 to Stack V and Figure 4.20
to Stack VI.
Similarly to what was observed for the 1992-1999 period, there is no
large scale/high magnitude movement occurring. The northern suburbs of
Athens entail again special characteristics as there is a central uplift area in
Kifisia surrounded by three subsidising regions in Zefyri, Mount Penteli and
Acharnes, as evident in Figure 4.21. Following the pattern of the ERS period
Ekali and Anoixi are also subsidising, with lower velocity values however. A
very interesting finding is that Kifisia, previously extensively subsidising has
subsequently reversed the sign of the motion to uplift. Again this is further
explained in Section 4.5. The deformation history of several scatterers (P5,
P6, P7 and P8) in AOI 4 of Figure 4.21 is shown in Figure 4.22, using the
same plotting conventions as in the previous section. For all four points,
the deformation history after applying the DEM, orbital and atmospheric
corrections on the data, follows closely the linear velocity model estimates.
Point P5, located in the vicinity of P3, experiences uplift of the order of
4 mm/yr with slight non-linear characteristics. From the end of 2002 till
mid 2005 the region is rather stable (1 mm/yr), while from mid 2005 until
the end of 2010 the uplift magnitude rises up to 7 mm/yr. P6, P7 and
P8 are subsidising with velocity estimates amounting to -2.7 mm/yr (with
some non-linear trend since the end of 2008 onwards), -3.5 mm/yr and -2.4
mm/yr respectively.
4.3.3 Discussion
Some remarks for the consolidated results of Section 4.3.1 and 4.3.2 are in
order:
• Coherent targets were identified for all six stacks with high spatial den-
sity. This is mainly attributed to the urban and peri-urban land cover
environment within the AOI, which includes rooftops and concrete
corner reflectors that remain highly coherent throughout time and
different imaging geometries, and dominate the background smaller
scatterers, thus leading to high signal to clutter ratios. In general
more than 20 pixels/km2, for the PSI and SBAS merged point cloud,
were available for most areas in the AOI, which is considered sufficient
for accurate phase unwrapping. However, for most parts of Athens,
the point spatial density exceeds 1000 pixels/km2. This is shown in
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Figure 4.18: LOS Velocity field (top) for Stack IV and associated stan-
dard deviation (bottom). Black box is the RA.
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Figure 4.19: LOS Velocity field (top) for Stack V and associated stan-
dard deviation (bottom). Black box is the RA.
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Figure 4.20: LOS Velocity field (top) for Stack VI and associated stan-
dard deviation (bottom). Black box is the RA.
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Figure 4.21: Zoom in the northern suburbs of Athens AOIs for the
Envisat analysis. Several points are identified within AOI 4, whose
deformation history is plotted in Figures 4.15, 4.16 and 4.17.
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Figure 4.22: Deformation history for scatterers P5, P6, P7 and P8 of
the Envisat analysis. Descending track 465 data is used for plotting,
since it contains the most image acquisitions.
Figure 4.23, where the strong correlation between scatterer density
and underlying land cover is highlighted: Athens and the suburban
towns and villages exhibit high PS spatial density, while in agricultural
(north-west part of the AOI) and forested (such as Mount Parnitha)
regions the number of available scatterers tends to zero.
The increased spatial density of the detected scatterers allowed to
achieve satisfactory resolution of the velocity field for the Athens metropoli-
126 Chapter 4. Study on the wider Athens metropolitan area
""""""" """""""""""""
""""""" """""""""""""""""""""" """"""""""""" """
""""""" """"""""""""" """""""""" """"""""""""" """
"""""""" """"""""""""" """ """""""" """"""""""""" "
"" """"""""" """"""""""" """ """" "" """ "" " """""" "" " """"""" """"""""""
"""""" " " """ """" "" """" "" "" """""" "" "" """"""" """""""""""""""" " "" " """ """" " "" """"" "" "" " "
""""" "" "" """""""" """""""""""""""" " """ " """ """" "" "" """"" "" "" "" " """""" "" "" " """""""" """""""""""""""" " """ " " """ """" "" " "" """"
"" "" "" """ " """""" "" "" "" """""""" """"""""""""""" " """ """ " """ " """" "" "" "" """""" "" "" """ "" """""" "" "" "" """""""" """"""""""""""" " """ """ " """ " ""
""" "" "" "" """""" "" "" """ "" """""" "" "" "" """""""" """"""""""""""" " """ """ " """ " """""" "" "" "" """""" "" "" """ "" """""" "" "" "" """""""" """""""""
"""""" " """ """ " """ " """""" "" "" "" """""" "" "" """ "" """""" "" "" "" """""""" """"""""""""""" " """ """ " """ " """""" "" "" "" """" """ "" "" """ "" "
""""" "" "" "" """""""" """"""""""""""" " """ """ " """ " """""" "" "" "" """" """ "" "" """ "" """""" "" "" "" """"""" """""""""""""""" " """ """ " """ " """""" "" "" "" """" "
"" "" "" """ "" """""" "" "" "" """"""" """"""""" """""""" """ """ " """ " """""" "" "" "" """" """ "" "" """ "" """""" "" "" "" """"""" """"""""" """""""" """ """ " """ " """
"""" "" "" "" """" """ "" "" """ "" """""" "" "" "" """"""" """"""""" """""""" """ """ " """ " """"""" "" " "" """" """" "" "" """""" """""" "" "" "" """"""" """"""""" "
""""""" """ """ " """ " """"""" "" " "" """" """"" "" "" """""" """""" "" "" "" """"""" """"""""" """""""" "" """ " "" " """"""" """ " "" " """" """"" "" "" """""" "
""""" "" "" "" """"""" """"""""" """""""" "" """ " "" " """"""" """ " "" " """" """"" "" "" """""" """""" "" "" "" """"""" """"""""" """""""" "" """ " "" " """"""" """ " "" " """" """"
"" "" """""" " """""" "" "" "" """"""" """"""""" """""""" "" """ " "" " """"""" """ " "" " """" """""" "" """""" " """"""" "" "" "" """"""" """"""""" """""""" "" """ " "" " """
"""" """ " "" " """" """""" "" "" """" " """""" "" "" """ """""" """"""""" """""""" "" """ " """ " """"""" """ " "" " """" """""" "" "" """" " """"" "" "" """ """""" """"""""" " "
""""""" "" """ " """ " """"""" """ " "" " """" """""" "" "" """" " """"" "" "" """ """""" """"""""" " """""""" "" """ " """ " """"""" """ " "" " """" """""" "" "" """" " ""
""" "" "" "" """""" """"""""" " """"""""" "" """ " """ " """"""" """ " "" " """" """""" "" "" """" " """"" "" "" """ """""" """"""""" " """""""""" " " """ " """ " """"""" "" " "" " """" """"
" "" "" """" " """"" "" """ """ """""" """"""""" " """"""""""" " " """ " """ " """"""" "" " "" " """" """"" "" "" """" " """" "" """ """ """""" """"""""" " """"""""""" " " """ " """ " """
"""" "" " "" " """" """"" "" "" """" " """" "" """ """ """""" """"""""" " """""""""""" " " """ " """ " """"""" "" " "" " """" """"" "" "" """" " """" "" """ """ """""" """"""""" " """""
""""""" " " """ " """ " """"""" "" " "" " """" """"" "" "" """" " """" "" """ """ """""" """"""""" " """"""""""""" " " """ " """ " """"""" "" " "" " """" """"" "" "" """" " ""
"" "" """ """ """""" """"""""" " """"""""""""" " " """ " """ " """ """"" "" " "" " """" """"" "" "" """" " """" "" """ """ """""" """"""""" " """"""""""""" " " """ " """ " """ """"" "" " "" " """" """"
" "" "" """" " """ "" """ """ """""" """"""""" " """"""""""""" " " """ " """ " """ """""" "" " "" " """" """"" "" "" """" " """" """ """ """""" """"""""" " """"""""""""" " " """ " """ " """ """
"""" "" " "" " """" """"" "" "" """" " """" """ """ """""" """"""""" " """""""""""" " " """ " """ " """ """"""" "" " "" " """" """"" "" "" """" " """" """ """ """""" """"""""" " """"""
""""" " " """ " """ " """ """""""" "" " "" " """" """"" "" "" """" " """" """ """ """""" """"""""" " """""""""" " " """ " """ " """ """"""""" "" " "" " """" """"" "" "" """" " ""
"" """ """ """""" """"""""" " """"""""" " " """ " """ " """ """""""""" "" " "" " """" """"" "" "" """" " """" """ """ """""" """"""""" " """""""" " " """ " """ " """ """""""""" "" " "" " """" """"
" "" "" """" " """" """ """ """""" """"""""" " """"""" " " """ " """ " """ """"""""""" "" " "" " """" """"" "" "" """" " """" """ """ """""" """"""""" " """"""" " """ " """ " """ """"""""
"""" "" " "" " """" """"" "" "" """" " """" """ """ """""" """"""""" " """"""" " """ " """ " """ """""""""""" "" " "" " """" """"" "" "" """" " """ """ """ """""" """"""""" " """"""
" " """ " """ " """ """"""""""""" "" " "" " """" """"" "" "" """" " """"" """ """""" """"""""" " """"""" " """ " """ " """ """""""""""""" "" " "" " """" """"" "" "" """" " ""
""" """ """""" """"""""" " """"""" " """ " """ " """ """""""""""""" "" " "" " """" """""" "" """" " """"" """ """""" """"""""" " """"""" " """ " """ " """ """""""""""""" "" " "" " """" """"
"" "" """" " """"" """ """""" """"""""" " """"""" " """ " """ " """ """""""""""""" "" " "" " """" """""" "" """" " """"" """ """""" """"""""" " """"""" " """ " """ " """ """"""""""""
"" "" " "" " """" """""" "" """" " """"" """ """""" """"""""" " """"""" " """ " """ " """ """""""""""" "" " "" " """" """""" "" """" " """"" """ """""" """"""""" " """"""
" " """ " """ " """ """"""" " "" " """" """""" "" """" " """"" """ """""" """"""""" " """"""" " """ " """ " """"" " "" " """" """"" "" """" " ""
""" """ """""" """"""""" " """ " """ " """ " """"" " "" " """" """"" "" """" " """ """ """""" """"""""" "" " """ " """ " """"" " "" " """" "
" "" """" """ """ """""" """""""""" """ " """ " """" " "" " """"" "" """" """ """ """""" """""""""" """ " """ "
"" " "" """ """""" """ """""" """"""""" """ " """"" " "" """ """"" """ """""" """
" """ " """"" " "" """ """"""" """"""" """ " """" " """" """"
""" """"""" """ " """ """"""" """"" "
"" """""""""" """"
""
24°0'0"E
24°0'0"E
23°40'0"E
23°40'0"E
23°20'0"E
23°20'0"E
38°
15'0
"N
38°
0'0"
N
37°
45'0
"N
24°0'0"E
24°0'0"E
23°40'0"E
23°40'0"E
23°20'0"E
23°20'0"E
38°
15'0
"N
38°
0'0"
N
37°
45'0
"N
20 010 Kilometers
.
PS/km^2
" 0
" 1 - 50
" 51 - 130
" 131 - 235
" 236 - 390
" 391 - 675
" 676 - 1500
CLC2000 classes110 - Urban fabric120 - Industrial, commercial and transport units130 - Mine, dump and construction sites 140 - Artificial, non-agricultural vegetated areas 210 - Arable land
220 - Permanent crops230 - Pastures240 - Heterogeneous agricultural areas 310 - Forests320 - Scrub and/or herbaceous vegetation330 - Open spaces with little/no vegetation
Figure 4.23: Spatial density of the merged point cloud (left) vs. the
underlying land cover using CLC2000 level 2 classification scheme
(right). Notice their correlation, particularly to what concerns the red
and purple islands on the right figure that correspond to urban fabric
and industrial units with the blue islands on the left figure, depicting
regions with high PS spatial density.
tan area. The associated accuracy of the results is also high, since the
dense coherent pixel network permits the robust phase unwrapping in
the grid, otherwise a major error source in the time-series analysis.
• A significant observation is that an adequate number of scatterers were
identified even in non purely urban areas, highlighting, for the first
time, the deformation pattern in Mt. Parnitha. This was achieved for
two main reasons: a) the oversampling that was applied to our SLC
data used for the interferometric analysis, and b) the spatial correla-
tion model of the deformation, adopted by the StaMPS implementa-
tion, as opposed to the PSInSAR approach the assumes a temporal
model for the deformation.
• Conventional phase unwrapping strategies (see Section 2.2.1), such as
minimum cost flow or brunch cut algorithms, the closer they are to
the reference point the better they perform. Indeed, in our process-
ing results, the velocity standard deviations close to the RA are low.
However, the adoption of the novel space-time 3D phase unwrapping
methodology [Hooper and Zebker, 2007] allowed to retrieve velocity
estimates with low standard deviations even far away from the RA,
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within a radius of about 30 km.
• The mean velocity values for Stacks I, II, III, IV, V and VI are -
0.87, 0.14, -0.18, -0.32, -0.06 and 0.27 mm/yr respectively. Specifically
to what concerns the two ERS descending tracks, the ∼ 1 mm/yr
difference can be attributed to the following factors (more details can
be found in Section 4.4.2):
1. The velocities are estimated along two slightly different direc-
tions in the two distinct LOS directions. What is in the near-
range for track 236, is in the far-range for the track 465 and
vice-versa. Therefore the actual three dimensional velocity vec-
tor is projected and measured at two directions with incidence
angles that differ approximately by 5◦.
2. There were not enough points within the RA, leading to the in-
troduction of a constant velocity bias. This offset cannot be re-
trieved without exploiting extensive in-situ measurements (GPS
or levelling). Such measurements were not available, but in any
case the 1 mm/yr lies within the claimed accuracy of the PSI and
SBAS techniques.
3. The field of view processed for the two descending tracks in not
the same. Track 236 extends to the west, where local subsidence
bowls are located in the northwest, while track 465 extends to
the east that looks to be more stable.
• The mean values for the velocity standard deviations for Stacks I, II
III, IV, V and are 1.42, 2.00, 1.4, 1.61, 1.38 and 2.42 mm/yr respec-
tively. It should be stressed that in general high values for the std do
not necessary correspond to scatterers with low signal-to-noise-ratio,
as non-linear deformation could also be pushing up the std values. In
our case, however, the standard deviation for all three Stacks are at a
reasonable level, indicating that there is no extensive non-linear defor-
mation in the AOI. Stack VI is a special case with somewhat increased
std values in spatially correlated regions. This can be associated with
the limited number of available SAR scenes for the specific Stack (15
images), leading mostly to errors in estimating the DEM error at steep
slopes as seen in Figure 4.20.
Figure 4.24 contains the normalised histograms, i.e. the area under the
contour curve equals to one, of the velocities and their standard deviation for
the six interferometric stacks. For these histograms the Probability Density
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Figure 4.24: Normalised histograms of velocities and their standard
deviations for allx six interferometric stacks. The black dashed vertical
line corresponds to the mean value, while the red curve to the PDF of
the best fit distribution for each dataset.
Function (PDF) of the best fit distribution for each stack is identified and
plotted.
For all velocity datasets the logistic distribution, which resembles the
normal distribution in shape but has heavier tails (higher kurtosis), fits
better the data. The PDF of the logistic distribution is given by:
f(vel;µ, s) =
e−
vel−µ
s
s
(
1 + e−
vel−mu
s
)2 = 14ssech2
(
vel − µ
2s
)
, (4.4)
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where vel is the velocity random variable, µ the mean, s the scale factor and
sech is the hyperbolic secant function. On the other hand, the best fit distri-
butions for the standard deviations of the velocity estimates vary depending
on the dataset, and are selected from a pool of continuous probability dis-
tributions for non-negative random variables, i.e. with non-zero mean: for
Stacks I, II and IV a gamma or a nakagami (directly related to the gamma
distribution) PDF is better suited, for Stack III the Rice distribution, for
Stack V a generalised extreme value (GEV) and for Stack VI the log-logistic
PDF. As expected, the more the available images in the stack, the narrower
the distribution around the mean value. This is mainly observed for stacks
I (37 SAR scenes) and V (28 SAR scenes).
4.4 Multi-track joint analysis
In the previous section thorough results were presented depicting the LOS
velocity maps and deformation history of the greater Athens metropolitan
area, for three distinct imaging geometries (two descending tracks and one
ascending) and for two time periods (1992-1999 and 2002-2010). However,
there is some added value that can be extracted from the complementary use
of datasets and related products that basically map the same physical quan-
tity, i.e. surface deformation. In this section, therefore, exploitation of the
track diversity is described. Section 4.4.1 refers to the processing method-
ology adopted for rendering the velocity products compatible, Section 4.4.2
to the validation of the deformation maps using cross-track products and
other third-party results, while Section 4.4.3 tackles the decomposition of
the observed LOS displacement to its vertical and horizontal component via
the combination of descending and ascending velocity fields.
4.4.1 Methodology
An important question that arises is whether the analysis in the different
tracks lead to the identification of the same coherent pixels or permanent
scatterers, i.e. in the common area between adjacent and cross-heading
tracks, are we modeling movement of the same physical targets? The in-
cidence angle of adjacent tracks in only a few degrees different, implying
that that trihedral targets pointing in the satellite look direction are likely
to be observed in multiple tracks. Cross-heading tracks (ascending and de-
scending) on the other hand, have an almost opposite direction. While for
conventional SAR interferometry applications data fusion from these tracks
is essential for slope coverage (areas affected by foreshortening and layover
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in one mode are well covered - if not in shadow - in another one) [Fletcher
et al., 2007], for PSI and SBAS techniques cylindrical poles are observed in
ascending and descending modes [Perissin, 2006], but such natural targets
do not necessarily exist in the AOI.
Physically identical targets represent the same deformation regime, pro-
vided that the reflection type is the same (mirror, dihedral). The detected
scatterers in overlapping tracks clearly follow man-made structures in the
terrain (Figure 4.23). Although it is possible that neighbouring targets
are moving due to different local deformation regimes (e.g. due to founda-
tion instabilities of a building), the shorter the distance between the PS,
the higher the likelihood that they represent the same deformation regime
[Ketelaar et al., 2007]. Therefore, in the subsequent analysis, a null hypothe-
sis that clusters of neighbouring PSs belong to the same deformation regime
is adopted. The distinct innovative algorithmic pre-processing steps for
the joint evaluation and generation of added value interferometric products
using multi-track data, running in a fully automatic chain within Matlab
environment, are described in the following:
1. For each pixel, import incidence angles and heading angles calculated
with respect to each Master scene of the six interferometric stacks. A
ROI PAC routine was integrated therefore in the processing chain.
2. Import velocity estimates and the associated standard deviations.
3. Create a rectangular reference grid for the subsequent calculations.
The selected grid extended [23.25◦ 24.10◦] in longitude and [37.70◦
38.35◦] in latitude, and the corresponding bin dimension is 0.001◦ and
0.002◦, i.e. ∼ 100×200 m.
4. Average the irregularly spaced interferometric estimates (velocities
and stds) in each bin of the reference grid. Then, for each grid cell and
for both the ascending and descending geometries, the mean value of
the velocities of the radar targets contained within the cell is calcu-
lated, therefore resampling the initial velocity estimates to a coarser
but fixed grid. This process aims at moving the weight from the sin-
gle scatterer characteristics, which vary across the resolution cells of
the different stacks, to the local deformation patterns by generating a
synthetic Permanent Scatter.
5. Interpolate the incidence and heading angles using splines, i.e. piece-
wise smoothing polynomial functions, to find the corresponding values
at the bin centres of the rectangular grid.
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Table 4.9: Union and intersection of the synthetic scatterers
Scenario id Stacks used Union1 Intersection2
A I3, II4 95169 49773
B I, III5 93750 52221
C II, III 84553 37050
D I, II, III 102395 35181
E IV6, V7 71244 35910
F IV, VI8 85632 40732
G V, VI 85843 41325
H IV, V, VI 92446 30070
1 No of unique synthetic scatterers in all stacks
2 No of synthetic scatterers common in all stacks
3 Number of points in Stack I is 84655
4 Number of points in Stack II is 60287
5 Number of points in Stack III is 61316
6 Number of points in Stack IV is 53175
7 Number of points in Stack V is 53979
8 Number of points in Stack VI is 73189
6. Launch a routine that finds the union and most importantly the spatial
intersection of synthetic scatterers of the interferometric stacks for the
two time periods. Table 4.9 provides quantitative information on the
number of synthetic points for each stack and the corresponding num-
ber for all possible multi-track joint analysis scenarios. Between 50000
and 80000 synthetic scatterers were identified for all six stacks. For
the 1992-1999 period 35181 common points were identified, while the
corresponding number for the 2002-2010 period was 30070, achieving
sufficient spatial sampling of the deformation signal.
Following the above automatic pre-processing procedure a new, gener-
alised and reference, stack was established containing the velocity estimates
with associated stds from all sub-stacks and for the common grid bins, hence
allowing further analysis to be conducted depending on the scope. Sec-
tion 4.4.2 focuses on cross-validating the results from adjacent tracks and
retrieving an expanded velocity field for the descending sensing mode, and
Section 4.4.3 deals with the decomposition of the displacement vector to its
vertical and horizontal components.
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4.4.2 Validation of LOS velocity field
This section focuses on validating the velocity pattern observed using the
time-series interferometry techniques presented above. Since in-situ mea-
surements are unavailable, the only way to proceed is to examine (i) the
observed displacement in the common area of the two adjacent descend-
ing tracks (236 and 465), i.e. using two completely independent datasets,
and (ii) velocity maps obtained with the used of different techniques and
by different research groups, partially covering the same AOI and period of
interest.
Cross-track validation
The common area of the two adjacent descending tracks is adequate assess
the consistency of the two observed local displacement regimes. Following
the procedure described in Section 4.4.1, and using scenarios A and E from
Table 4.9, the top two plots of Figure 4.25 corresponds to the two descending
track velocity fields in the common bins of the reference grid for the 1992-
1999 period. In the same figure the bottom left plot shows the difference
of the velocity fields of the two tracks. Calculation of the corresponding
velocity standard deviations in the reference grid with a procedure similar to
the one used for the velocity reference grid estimation leads to the synthetic
field of the bottom right plot of Figure 4.25, by keeping for each bin the
velocity from the descending track that has the respective lowest bin std.
The same plots for the 2002-2010 period are depicted in Figure 4.26.
Some remarks with respect to these two validation figures:
• Both descending tracks for the 1992-1999 period show very similar ve-
locity patterns. The same subsidence bowls near Kifisia are identified,
both in terms of magnitude and spatial extent. Even the extremely
localised subsidence in the marina near Piraeus port in the south is
detected by both independent datasets. The difference in velocities is
mainly found at the edges of the common grid, where track 465 ve-
locity field seems to be more noisy and less smooth than that of track
236, and has a mean value of 0.05 mm/yr and a standard deviation of
0.94 mm/yr, close to the 1 mm/yr accuracy level of the technique, as
it would be expected. The corresponding values for the 2002-2010 pe-
riod are -0.06 mm/yr and 0.96 mm/yr. Again the same uplift regime
in Kifisia is observed surrounded by subsidence islands. However, in
the central west part of the reference grid, velocities from track 236
seems to deviate from those of track 465 with a noteworthy spatial
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Figure 4.25: Cross-track validation for the 1992-1999 period. Top
plots correspond to the velocity field in the common bins of the refer-
ence grid for tracks 236 and 465. Bottom left shows the difference of
the velocities values of the two descending tracks. Bottom right depicts
the merged velocity pattern derived by combining the two descending
track velocity products through the exploitation of their corresponding
stds.
correlation. Such deviation is to be expected though due to the lim-
ited number of scenes used in the analysis for Stack V (18 images),
leading to these discrepancies. In any case, the velocity differences are
kept to an acceptable level, highlighting the robustness of the proposed
techniques.
• Figure 4.27 shows the histograms of velocity differences for the two
time periods. Following the distribution of the primary velocity data,
the logistic distribution is also here the best fit, while the normal
distribution is also a good fit, specifically for the 1992-1999 period.
• The differences between various time-series modelling estimates (ve-
locities, displacements, heights), and apart from the purely thermal
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Figure 4.26: Cross-track validation for the 2002-2010 period. Top
plots correspond to the velocity field in the common bins of the ref-
erence grid for tracks 236 and 465. Bottom left shows the difference
of the velocities values of the two descending tracks. Bottom right
depicts the merged velocity pattern derived by the combining the two
descending track velocity products through the exploitation of their cor-
responding stds.
noise terms, should theoretically only be an offset per track because
of the different scatterers that exist in the RA window. However, due
to shortages in modeling the interferometric error sources (residual or-
bital and atmospheric effects and unwrapping errors), there are some
spatially correlated discrepancies observed.
• Additionally, discrepancies are expected to be introduced, for both
analysed time periods, due to the fact that the processing time-spans
for the two descending tracks differ as can be inferred from Table 4.1,
as well the temporal sampling of the displacement snapshots.
• It is clear that for both time periods, the merged velocity field is dom-
inated by the velocity values originating from the descending stack
that has the higher number of available SAR images, leading to de-
creased std values as seen in Figure 4.24. That is track 236 (Stack I)
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Figure 4.27: Histograms of the descending track velocity differences
for the 1992-1999 (top) and the 2002-2010 (bottom) period. The PDF
of the logistic and the normal distributions are also plotted.
for the first period and track 465 (Stack V) for the second, as noted
in Table 4.1.
Comparison with other similar analyses
This study includes for the first time the complete spatial coverage of the
greater Athens metropolitan area, from 1992 until 2010 using all available
data and SAR sensing modes (descending and ascending), and using state-
of-the-art interferometric time-series techniques (PSI and SBAS), wrapped
in a set of open-source and flexible software modules (StaMPS). LOS ve-
locity maps, however, have been produced using other techniques and in
some cases with reduced SAR datasets and are presented in this section for
consistency and for qualitatively validating the observed deformation. Fig-
ure 4.28 contains the velocity maps produces by the different studies. Plots
A., B. and C. correspond to the 1992-1999 period, while D. is the analysis
result for the 2002-2007 time span.
Figure 4.28A. corresponds to the velocity map generated using the In-
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Figure 4.28: Velocity maps from similar analysis studies. (A.) was de-
rived from IPTA [Papoutsis et al., 2009], (B.) are the TERRAFIRMA
results, (C.) products by Parcharidis et al. [2006] and (D.) by Foumelis
[2009]. A., B. and C. correspond to the 1992-1999 period while D. to
the 2002-2007 period.
terferometric Point Target Analysis [Werner et al., 2003]. The methodology,
which GAMMA exploits a regression method to estimate linear atmospheric
delay, was thoroughly described in Section 4.2.2 and was applied using the
GAMMA suite of software packages. This result was presented by Papout-
sis et al. [2009] in the ESA Fringe Workshop. In this study descending
track 465 data were used and the total number of accepted permanent scat-
terers was more 130000. The spatial density of the targets is considered
very high, as it would be expected in an intensely urbanized area like the
Athens metropolitan city. The general deformation pattern in the AOI shows
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weak deformation signal and is rather stable. Localized deformation signals
are observed in certain boroughs of Athens (yellowish regions), and at the
north-east of the scene, in the area of Kifisia, a strong displacement signal
is observed. This region exhibits deformation greater than 3 mm/yr and up
to 10 mm/yr.
A velocity map was also created using data from the adjacent track
236 by the TERRAFIRMA10 project. TERRAFIRMA, a pan-European
Ground Motion Hazard Information Service is one of the ten services be-
ing supported by ESA’s GMES programme and is aimed at providing civil
protection agencies, disaster management organisms, and coastal, rail and
motorway authorities with support in the process of geo-hazard assessment
and mitigation, by using the latest technology to measure terrain motion
from satellite radar data. TERRAFIRMA is operating in three discrete
stages of 0-2, 2-5 and 5-10 years. The first two-year Stage 1 (which ended
in 2005) was concerned with consolidation of both service providers and
users. In November 2005 TERRAFIRMA entered Stage 2, concerned with
rolling-out the service across all Member States of the EC. Stage 3 began
in December of 2009 and will continue until the end of 2012. This third
and final stage offers services under the thematic lines of Coastal Lowland
Subsidence & Flood Defense, Hydrogeology and Tectonics and offers a new
Wide Area Service. Figure 4.28B. depicts the LOS displacement rates using
the PSI technique as implemented by Ferretti et al. [2001].
In the study conducted by Parcharidis et al. [2006], they used the same
approach and data with the TERRAFIRMA project and it was possible to
identify Permanent Scatterers with a high coherence value. About 98000 PS
have been identified with coherence greater than 0.8. The PS interferometric
image of Figure 4.28C., after passing it through a spatial smoothing filter,
showed an average annual rate of down-lift between 1 to 3 mm/yr in the
southern part of the basin, where locally in the City of Piraeus, and the
municipalities of Moschato, Kallithea and Nea Smyrni the rate of down-lift
increases between 2 to 3 mm/yr. An average annual rate of subsidence from
1 to 2 mm/yr is locally observed within the centre of the basin. Finally,
a rate of 3 to 4 mm/yr of down-lift is resulted at the northern part of the
basin in the Kifisia area.
Finally, Figure 4.28D. depicts the results obtained in the framework of
the PhD thesis by Foumelis [2009] for a subset of the data used in Stack V
of Table 4.1, until 2007 instead of 2010. The stacking technique was used
described in Section 2.3.1, rather than PSI or SBAS. In this result subsidence
10http://www.terrafirma.eu.com/
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bowls at the north-west part of the Athens basin are spotted, with rates
ranging between 3-4 mm/yr on average, while similar values are estimated
for the port of Piraeus and the municipalities of Castela, Drapetsona and
Keratsini. At the south-east part of the basin lower rates are observed (-1.7
mm/yr on average). At the northern part of the AOI, subsidence increases,
specifically in the cities of Kryoneri and Metamorfosi. Uplift, on the other
hand, is found around Kifisia, with the rates rising up to 9.4±4.2 mm/yr.
Careful inspection of the above studies and cross-checking with the re-
sults introduced and presented in Sections 4.3.1 and 4.3.2 took place. To
what concerns the 1992-1999 period, Figure 4.28A. was compared with Fig-
ure 4.12 that corresponds to Stack II and Figures 4.28B. and 4.28C. with
Figure 4.11. A straightforward observation is that there is a good match be-
tween the velocity maps generated by the respective datasets and techniques.
Subsidence of equivalent magnitude and spatial pattern is observed in Ki-
fisia and Ekali areas. Additionally, the same localized displacement regimes
emerge for the southern part of the basin, especially near the coast at Pi-
raeus. However, a crucial remark is that compared to the results presented
in this thesis, the IPTA and conventional PsInSAR analysis converged to a
(i) reduced spatial coverage of the AOI specifically in non-urban areas, as no
PSs were detected at the west (Elefsina), north-west (near Mount Parnitha
where the catastrophic 1999 Athens earthquake took place), north (near
Kryoneri where maximum deformation is observed in Figure 4.11) and east
(Mount Imittos), and (ii) reduced PS spatial sampling, leading to a reduced
resolution of the deformation signal (especially in Kifisia region). The de-
crease in the spatial coverage cannot be attributed to a cropped SAR image
dataset, since the geometries of the velocity maps imply that outside the
heavily urbanized area of the Greek capital, no PSs can be picked up as
opposed to the outcome of the techniques used herein. The same applies for
the varying PS density.
The velocity map produced from Stack V and shown in Figure 4.19 can
be linked to the one presented in Figure 4.28D., although the time-span of
the processed data is different. The uplift signal in Kifisia area is picked
up by both studies, as well as some subsidence bowls around Kifisia, but
this is about where the similarities stop. Again the spatial coverage is less
compared to the results of this thesis, although this is most probably at-
tributed to a cropped SAR imagery set and since the technique adopted is
interferometric stacking. In PSI and SBAS one has to identify pixel can-
didates and through iterative loops and consistency checks, some scatterer
candidates are dropped as the algorithms fail to converge to the modeling of
various interferometric error sources (DEM and orbital errors, atmospheric
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contributions, etc.). Stacking on the other hand does not attempt to model
these error components, instead the individual interferogram phases of all
pixels are weighted by the time interval in estimating the phase rate. The
underlying assumption is that atmospheric statistics are stationary from
one observation to the next. Hence the standard deviation of the phase rate
derived from a single interferogram is inversely proportional to the time
interval. This approach can introduce errors if the number of available in-
terferograms is not large. Foumelis [2009] exploits a total of 9 interferograms
(those with perpendicular baseline less than 200 m to minimize the effect of
DEM errors), a theoretically challenging number for low coherency regions.
Indeed, in the east of the map of Figure 4.28D. (mostly agricultural) and
in the north and north-west (forested areas and scrubs or herbaceous vege-
tation of Mount Parnitha) is where the spatially largest discrepancies with
analysis presented herein are observed. Additionally, there is a large spatial
scale and relatively high magnitude displacement signal running through the
central part of Figure 4.28D. with a NE→SW direction, and which cannot be
identified in Figure 4.19. This is most probably attributed to shortcomings
of the stacking technique in canceling out atmospheric signal contributions.
4.4.3 Decomposition to vertical and horizontal velocities
A common problem met in the products generated from interferometric tech-
niques is the correct interpretation of the observed deformation, in terms of
what exactly type of motion is dominant in the earth’s crust. To clarify the
issue raised, consider that an observation is made from the east (descend-
ing orbit) and the displacement in the direction away from the satellite is
observed. It can be decided that the ground sank or moved to the west,
but it is impossible to determine whether the actual displacement is due
to sinking, horizontal movement to the west, commingling of the both, or
due to greater sinking that cancels horizontal movement to the east with
resultant displacement which is in the direction away from the satellite.
It is clear that an interferogram only measures one component of the
surface deformation - in the satellite’s line of sight. Mapping surface defor-
mation in three dimensions by using multiple interferograms is a challenging
task and is highly dependent on the available datasets and their interferomet-
ric quality. In any case, the north component is always the most difficult to
determine using data from near-polar orbiting satellites [Wright et al., 2004].
It can only be retrieved by combining the radar amplitude with phase mea-
surements and has been showcased for the case of abrupt phenomena like
the 1999 Mw 7.1 Hector Mine earthquake, California [Fialko et al., 2001],
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Figure 4.29: Geometry of the velocity decomposition to vertical and
horizontal components]. (left) Projection of the up, east and north
components of the 3D velocity vector to the ascending satellite LOS
and (right) different contribution of the horizontal components to de-
scending and ascending satellite passes. ALDa and ALDd correspond
to the descending and ascending azimuth look angle directions respec-
tively.
rather than for subtle deformation signals similar to those encountered in
the Athens metropolitan AOI.
The LOS displacement rates vLOS generated by the implemented time-
series techniques on the measured LOS displacements dLOS , represent a
projection of the three dimensional (3D) velocity vector v onto the satellite
look vector. Considering that the 3D vector has components in the up, east
and north directions, i.e. we have vu, ve and vn respectively, then on the
left of Figure 4.29 the contribution of these three velocity components to the
vLOS estimate is shown. Following this geometry setting vLOS = vLOSu +
vLOSe + vLOSn . In the same sketch the Azimuth Look Direction (ALD) is
drawn for an ascending satellite passing. ALD is always perpendicular to
the satellite heading.
On the right of Figure 4.29, a top-view geometry is shown for the both
ascending and descending satellite passes, focusing only to the horizontal
components of the velocity estimates. It is clear that the sensitivity of the
SAR viewing system to the north components is much smaller than the sen-
sitivity to the east components, and this is mainly attributed to the heading
angles associated with these two modes of operation (∼ −13◦ for ascending
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Figure 4.30: Deformation viewed by ascending and descending passes.
In spite of detecting the same deformation, an inteferogram from as-
cending orbits may be different to one from descending orbits. Il-
lustration extracted from http: // vldb. gsi. go. jp/ sokuchi/ sar/
qanda/ qanda. html .
and ∼ −166◦ for descending). Another interesting observation is the fact
that the velocity components along ALD directions have similar magnitude,
but are along a different directions for ascending and descending passes and
also have different sign (vALDa is positive while vALDd is negative in Fig-
ure 4.29). This yields the question on how the different motion patterns are
registered in the analyses with ascending and descending SAR data. The
answer is highlighted in Figure 4.30.
In the illustrations of Figure 4.30, when there is no displacement then nei-
ther the ascending nor the descending interferograms show any fringes/deformation.
When subsidence is observed (or generally motion in the vertical direction),
then the LOS change is in the direction far from the satellite, i.e. positive
deformation, for both heading passes. On the other hand, when the motion
is predominantly in the eastward direction then the LOS change in the as-
cending track would occur away from the satellite (positive), while for the
ascending track it would change towards the satellite (negative). Thus, a
general rule of thumb would be that when motion with the same sign is de-
tected by both descending and ascending tracks then displacement in the up
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direction is dominant, while when opposite signs are encountered, horizontal
movement is more likely to be occurring.
Following the pre-processing methodology for the definition of the com-
mon intra-track synthetic scatter described in Section 4.4.1, the SAR obser-
vation geometry shown in Figure 4.29 and the notation approach by Samieie-
Esfahany et al. [2009], for a cluster of two ground velocity estimate clouds
with ascending and descending imaging geometries, a decomposition to the
vertical component in one particular direction is feasible. A system of equa-
tions for the decomposition in the vertical and the horizontal component
in the descending azimuth look direction (blue vector ALDd in the right of
Figure 4.29) is: vascLOS
vdescLOS
 = A ·
 vup
vALDd
 (4.5)
where
A =
 cos θascinc sin θascinccos ∆α
cos θdescinc − sin θdescinc
 (4.6)
with:
vLOS the displacement velocity along LOS
vup vertical displacement velocity
vALDd the projection of the horizontal velocity displacement (vn and ve) in
the descending azimuth look direction
θinc the incidence angle
∆α = αha − αhd the satellite heading difference between the ascending and
descending mode.
The above system of linear equations, was solved for every common syn-
thetic scatterer with LU decomposition (factoring as the product of a lower
triangular matrix and an upper triangular matrix) with partial pivoting,
checking that the rank of matrix A is always nonzero. It should be noted
that reformulation of Equations 4.5 and 4.6 to include also velocity esti-
mates from an adjacent descending track (e.g. use Stacks I, II and III) and
aiming at solving for all three components of the 3D displacement field, does
not lead to linearly independent rows in matrix A, degenerating therefore
its rank. Last but not least, it should be mentioned that in the subsequent
paragraphs reference to horizontal movement (i.e. along the descending az-
imuth direction) will imply mainly motion in the east-west direction. The
sensitivity to the north-south components is too low to extract reliable con-
clusions, therefore motion in this direction might be there, but we are not
able to estimate it.
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Figure 4.31: Decomposition to vertical and horizontal components for
the 1992-1999 period. Top left and right subplots correspond to the
LOS velocity estimates for the common rectangular grid containing
the synthetic scatterers, as defined in Section 4.4.1, for Stacks I and
III respectively. Bottom left and right subplots show the decomposed
velocity maps in the vertical and horizontal (descending azimuth look)
directions respectively. Negative values in the Up direction correspond
to subsidence, while positive values in the horizontal direction corre-
spond to westward motion.
For the 1992-1999 time period tracks 236 and 372 were used (i.e. Stacks
I with III), as there are enough images in both 236 and 465 descending
tracks that allows choosing the descending track with the highest spatial
overlap with the ascending track 372. This is not the case for the 2002-2010
period. Descending Stacks IV and V contains 18 and 28 images respectively,
as noted in Table 4.1. Aiming at the robust decomposition of the velocity
signals to vertical and horizontal components, track 465 was chosen as the
reference descending track, at the expense of spatial coverage.
Figures 4.31 and 4.32 depict the results of the decomposition method-
ology and analysis presented in the previous paragraphs, for the 1992-1999
and 2002-2010 periods respectively. All velocity maps correspond to the
common rectangular grid containing the synthetic scatterers defined in Sec-
tion 4.4.1. Negative values in the Up direction correspond to subsidence,
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while positive values in the horizontal direction correspond to westward mo-
tion the projection used is the descending azimuth direction of Figure 4.29.
The scale of the colorbar remains the same for all subplots, from -5 mm/yr
to 5 mm/yr to allow the direct comparison of the thematic displacement
trend in each plot.
Some additional information for the results of the 1992-1999 period, il-
lustrated in Figure 4.31, follow. The mean velocity values, which follow
a logistic probability density function, and standard deviation (v, vstd) for
Stacks I and III within the synthetic scatterer grid are (-0.22, 0.73) mm/yr
and (-0.09, 0.80) mm/yr respectively. The corresponding values for the Up
and horizontal directions are (-0.17, 0.64) mm/yr and (0.16, 1.19) mm/yr
respectively. Clear subsidence patterns (bottom-left in Figure 4.31) are ob-
served at the northeastern Athens suburbs Kifisia, Ekali and Kryoneri, also
in the LOS estimates within AOI2 of Figure 4.14. The same applies for
the subsidence observed near Piraeus port for P1 of AOI1 (deformation his-
tory in Figure 4.15. No other areas with significant motion in the vertical
direction are spotted in the common field of view for the descending and
ascending passes.
A more complex, and much more interesting, picture is however en-
countered for the mapped horizontal velocity estimates (bottom-right in
Figure 4.31), which are basically the projection of mostly the east and less
the north components of the actual 3D velocity vector to the descending
azimuth direction. Clear and different zones of eastward and westward mo-
tion are identified, where the corresponding velocity values alter their sign.
In south-west of Mt. Parnitha, the boundary between two such zones is
close to the epicenter of the 1999 catastrophic earthquake. This is further
discussed in Section 4.5. Finally, the subsidence bowl observed in Kifisia
region, experiences also horizontal motion, at least towards the west.
Concerning the decomposition of the velocity field for the 2002-2010
period shown in Figure 4.32, the mean velocity values (also following a
logistic pdf) and standard deviation (v, vstd) for Stacks V and VI within
the synthetic scatterer grid are (-0.37, 0.79) mm/yr and (0.5, 0.84) mm/yr
respectively. The corresponding values for the Up and horizontal directions
are (0.05, 0.64) mm/yr and (1.01, 1.31) mm/yr respectively. The uplift in
Kifisia (bottom-left in Figure 4.32), also shown in the LOS estimates of AOI4
in Figure 4.21, is clearly visible. However, an intriguing remark has to do
with the observation that the mean velocity values for the descending and
ascending tracks have opposite signs. Following the graphical illustrations
of Figure 4.30 this leads to a general low magnitude westward horizontal
motion of almost the entire area of interest (bottom-right in Figure 4.32),
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Figure 4.32: Decomposition to vertical and horizontal components for
the 2002-2010 period. Top left and right subplots correspond to the
LOS velocity estimates for the common rectangular grid containing
the synthetic scatterers, as defined in Section 4.4.1, for Stacks V and
VI respectively. Bottom left and right subplots show the decomposed
velocity maps in the vertical and horizontal (descending azimuth look)
directions respectively. Negative values in the Up direction correspond
to subsidence, while positive values in the horizontal direction corre-
spond to westward motion.
within the nominal error range (1 mm/yr). The horizontal displacement
zoning that was observed for the 1992-1999 period is no more valid.
4.5 Interpretation
The interferometric analysis that was presented in the previous sections of
this chapter achieved, for the first time, the mapping of crustal deformation
in an a densely populated area where diverse economic activities take place,
the wider Athens metropolitan area. The displacement rate maps generated
146 Chapter 4. Study on the wider Athens metropolitan area
show unprecedented spatial coverage, increased resolution of the various
deformation signals and follow high accuracy standards. These maps can
become a benchmark for surface deformation studies in the region, either
for analyzes that will be performed with alternative SAR platforms (e.g.
COSMO-SkyMed, TerraSAR-X, future Sentinel-1 mission) or with in-situ
measurements (e.g. leveling or GPS).
A crucial product of this thesis, however, is the decomposition of derived
LOS velocities to their vertical and horizontal complements. Figure 4.33
contains the velocity estimates for 1992-1999 (Figure 4.31), overlaid with the
mapped fault network in the wider area. The location and extend of these
faults were initially used by Michael Foumelis in his PhD thesis and were
kindly provided to the author of this dissertation. Hence, information about
the literature sources for the mapped faults in Figure 4.33 can be found in
Foumelis [2009]. Special reference should be made to the location of the
September 7, 1999 catastrophic Athens earthquake (Section 3.2 epicenter,
marked as a star in Figure 4.33).
The decomposed velocities in the map of Figure 4.33 have been plotted
using a geometrical interval classification scheme with nine classes. This
scheme creates class breaks based on class intervals that have a geometrical
series. The algorithm creates geometric intervals by minimizing the sum of
squares of the number of elements in each class. This ensures that each class
range has approximately the same number of values with each class and that
the change between intervals is fairly consistent.
In a zoom at Triasio Pedio for the 1992-1999 period, i.e. prior to the
earthquake, the LOS velocities as depicted in Figures 4.11, 4.12 and 4.13
do not disclose any tectonic movement that could potentially be a warning
signal for the upcoming earthquake. The same applies for the decomposed
vertical component (Figure 4.33, top). However, the picture is different
for the decomposed horizontal components (along the ALD direction set in
Section 4.4.3). For the bulk of Mt. Parnitha the synthesized scatterers of
the common grid show a clear eastwards trend, or at least the projection
of the north and east components of the motion along ALD are negative
(∼ −3.3− 7.3 mm/yr). On the contrary, outside the mountain and mainly
south and east of the Thriasio fault, the prevailing trend is clearly westward,
i.e. has positive sign in the ALD direction (∼ 3.1− 7.0 mm/yr).
This important observation could potentially be interpreted as a mani-
festation of local tectonic motion with the associated accumulation of strain
that will ultimately be released in large and damaging earthquake. While
the opposite horizontal motion zones do not coincide with the location of
the faults that were actually responsible for the Athens 1999 earthquake,
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Figure 4.33: Vertical (top) and horizontal (bottom) velocities overlaid
with the fault network in the wider Athens for the 1992-1999 period.
Among others, Kifisos thrust, the Fyli and the Thriasio faults are
marked. The Athens 1999 earthquake epicenter (star) is also drawn.
Negative values in the Up direction correspond to subsidence, while
positive values in the horizontal direction correspond to westward mo-
tion.
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as defined by Kontoes et al. [2000], however the observed motion pattern
disclose that the region was under stress before 1999 and this stress could
affect the mechanics of the blind fault that ruptured in 1999 even when there
is no direct manifestation to the Earth’s surface. This aseismic process was
only revealed following the signal decomposition strategy implemented. One
could argue that there could be a correlation between the derived horizontal
motion zoning with elevation, attributed to atmospheric contributions to the
interferometric signal that was not accounted for during the PSI analysis.
However, the extended spatial correlation of the observed zones - typical
and well dealt in PSI modeling, the fact that the zoning patterns are ob-
served even at low altitudes and the lack of similar zones in the vertical
direction (Figure 4.33, top) for the same period, leads to the attribution
of the observed horizontal displacements to local tectonic movement than
to anything else. The argument is strengthened by examining Figure 4.34
which contains the velocity estimates for 2002-2010 (Figure 4.32), overlaid
with the mapped fault network in the wider area. The opposite motion sign
of Mt. Parnitha is not observed for the 2002-2010 period anymore, neither
for the vertical or the horizontal direction. The tectonic energy has probably
diffused after the 1999 earthquake.
No correlation of the horizontal velocities with the mapped faults is
observed, including the major Kifisos thrust that basically splits Athens
city in east and west regions. Only limited boundaries that coincide with
some faults can be delineated, indicatively in the zone defined west of the
Thriasio fault (Figure 4.33, bottom) or near Imitos mountain (Figure 4.34).
However for both time periods, i.e. in 1992-2010, the northern part of
the AOI exhibits westward motion. On the contrary, the central part of
the AOI, where the city of Athens lies, the direction of the motion has
changed between the two successive periods, from westward to eastward.
This, however, could be attributed to a potential bias introduced by the
motion of the reference area which remains unknown.
Bringing to surface the issue of the reference area, it should be clarified
that all velocity estimates presented in this chapter are relative to the av-
erage velocity within the RA (Figure 4.10). Therefore the maps presented
herein depict relative and not absolute motion.
This can become clearer considering data from GPS stations. For exam-
ple, the GPS site named DION is maintained by Dionysos Satellite Observa-
tory11, is located at 38.078534◦ latitude, 23.932648◦ longitude (in the eastern
part of the AOI) and at a height of 514.539 m (locations at about the middle
11http://portal.survey.ntua.gr/main/labs/hgeod/DSO/DSOmain.htm
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Figure 4.34: Vertical (top) and horizontal (bottom) velocities overlaid
with the fault network in the wider Athens for the 2002-2010 period.
Negative values in the Up direction correspond to subsidence, while
positive values in the horizontal direction correspond to westward mo-
tion.
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Figure 4.35: GPS measurements (red dots) and linear fits (green line),
for the DION station maintained and operated by Dionysos Satellite
Observatory. Image credits: Xanthos Papanikolaou.
epoch of the observation period). Continuous and seamless measurements
are available since 2000 (Figure 4.35).
The velocities estimated for this station, by fitting a linear model to the
GPS measurements in a least squares approach are:
vDIONu = 0.35mm/yr
vDIONe = 7.88mm/yr
vDIONn = −11.63mm/yr
(4.7)
where vDIONu is the velocity in the up direction, v
DION
e in the east and
vDIONn in the north. The velocity values are provided with respect to the
International GNSS Service reference frame, called IGS08, and can be, there-
fore, considered absolute values.
While in the up direction the estimated velocity is nearly zero, one can
infer that the corresponding motion in the RA will also tend to zero, achiev-
ing near absolute values for the vertical components (top in Figures 4.33
and 4.34), the same does not apply for the horizontal components. DION
shows significant south-east motion. Since our interferometrically derived
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horizontal (ALD) velocities are mostly sensitive to the east direction, then
almost 8 mm/yr for DION station implies that the general region is expe-
riencing tectonic movement. Therefore the entire AOI is, as it would be
expected, on top of a tectonic plate that moves following some large scale
patterns. What we were able, thus, to measure is the local scale motion,
relative to the RA.
Finally, in the municipality of Kifisia an easily observable phenomenon
can been identified in Figures 4.33 and 4.34 that depict vertical motion
components. While in 1992-1999 period the area is subsidizing (up to -8
mm/yr), the same area is uplifting (up to 4.5 mm/yr) and slightly moving
to the east. This vertical motion of opposite sign can be directly attributed
to water over-pumping that took place in the area up to late 1995. Since
then, the activity ceased leading to the manifestation of a physical rebound
motion. This was also observed by Foumelis [2012] using interferometric
stacking techniques.
4.6 Section conclusions
Massive SAR data were processed covering the wider Athens metropolitan
area and using leading edge interferometric techniques and methodologies.
Exploiting angle diversity the vertical and horizontal components of the
three dimensional velocity field were robustly decomposed, following a fully
automatic processing algorithm developed specifically for this purpose.
The extended spatial coverage of the ground velocity maps provide for
the first time valuable information for the local displacement patterns in the
wider Athens area, with unprecedented accuracy, even in non-urban areas.
These maps can become a benchmark for surface deformation studies in the
region. In a zoom at Thriasio Pedio for the 1992-1999 period, the decom-
posed vertical velocity component did not disclose any tectonic movement
that could potentially be a warning signal for the upcoming earthquake. The
picture was different for the decomposed horizontal components. North-
northeast of the Thriasio fault where Parnitha mountain is, the synthesized
scatterers of the common grid showed a clear eastwards trend. On the con-
trary, outside the bulk of Mt. Parnitha, the prevailing trend was clearly
westward. This observation could be interpreted as a manifestation of tec-
tonic stress with the associated accumulation of strain that will ultimately
be released in a large earthquake. This aseismic process was only revealed
following the angle diversity based decomposition, in the absence of in-situ
geodetic measurements, and is not observed in the 2002-2010 period.
No major correlation of the horizontal velocities with the mapped faults
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was observed, including the major Kifisos thrust that basically splits Athens
city in east and west regions. Only limited boundaries that coincide with
some faults could be delineated, indicatively in the zone defined west of
the Thriasio fault or near Imitos mountain. In the municipality of Kifisia,
however, following the deformation histories of the respective scatterers and
the local vertical motion trend, it is inferred that the region has changed its
motion pattern during the 1992-2010 observation period, from subsidence to
uplift. This motion change can be directly attributed to water over-pumping
that took place in the area up to late 1995. The region is therefore on a
physical restoration phase.
Chapter5
The Santorini inflation episode
Recent studies have indicated that, for the first time since 1950, intense
geophysical activity is occurring at the Santorini volcano. Here, the surface
deformation associated with this activity, spanning from January 2011 to
February 2012, is presented and discussed. Analysis of satellite interferom-
etry data was performed using two well-established techniques, namely Per-
sistent Scatterer Interferometry (PSI) and Small BAseline Subset (SBAS),
producing dense line-of-sight ground deformation maps. The displacement
field was compared with GPS observations from ten continuous sites in-
stalled on Santorini. Results show a clear and large inflation signal, up to
150 mm/yr in the LOS direction, with a radial pattern outward from the
center of the caldera. The deformation inferred from GPS and InSAR is
modeled using a Mogi source located north of the Nea Kameni island, at
a depth between 3.3 km and 6.3 km and with a volume change rate in the
range of 12 million m3 to 24 million m3 per year. The latest InSAR and GPS
data suggest that the intense geophysical activity has started to diminish
since the end of February 2012.
5.1 Motivation
The Santorini caldera has been a source of numerous eruptions and tsunamis
in the past with the most recent seismic sequence ending in 1950 [Druitt,
1999]. Since then, Santorini volcano was in a ‘quiet’ phase, with insignificant
deformation [Papageorgiou et al., 2011; Stiros et al., 2010] and seismic activ-
ity limited to a location 10 km northeast of Thera [Dimitriadis et al., 2009].
This phase was interrupted in early 2011, however. Recent GPS and seismic
observations show evidence for inflation and increased seismicity within the
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caldera [Newman et al., 2012]. Further quantification of the deformation us-
ing multi-interferogram methods were presented by Parks et al. [2012] and
Papageorgiou et al. [2012].
In this study, new data (up to September 2012) are presented from a
larger, dense network of continuous GPS stations, highlighting the beginning
and the end-time of the inflation episode in Santorini. Complementary to
the stacking techniques used by Parks et al. [2012] and Papageorgiou et al.
[2012], two well established InSAR methodologies are employed, namely
SBAS [Berardino et al., 2002] and PSI [Ferretti et al., 1999], to produce and
analyze the time series of spaceborne SAR data during the period of unrest,
resolving and quantifying the deformation history for the total duration of
the inflation episode.
5.2 Background information on Santorini
5.2.1 Geological and tectonic setting of Santorini
 
Figure 5.1: A simplification of the
complex tectonic structures in the
wider region [Friedrich, 2000]. Vol-
canic centers on the Hellenic Volcanic
Arc are indicated by red Triangles.
The red lines dissecting the active arc
indicate fault lines associated with vol-
canic activity.
The volcanic complex of Santorini
is the most active part of the
South Aegean (Hellenic) Volcanic
Arc. This volcanic arc is about
500 km long and 20 to 40 km
wide and extends from the main-
land of Greece through the islands
of Aegina, Methana, Poros, Milos,
Santorini, Kos, Yali, Nisyros and
the Bodrum peninsula in Turkey
(Figure 5.1). It is characterized by
earthquakes at depths of 150-170
km that mark the subduction of the
African underneath the Eurasian
plate, more precisely the Aegean
subplate, at a rate of up to 5 cm per
year in a northeasterly direction.
The subduction zone dips at an-
gles of 30◦−40◦E and the boundary
of the two plates is indicated by the
Ionian, Pliny and Strabo deep-sea
trenches south of Crete. While the
Pliny and Strabo trenches are predominantly of strike-slip nature, the Ionian
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trench is related to thrusting. The crust of the Aegean is continental with
thicknesses in the range of 20-32 km; compared with average crustal thick-
nesses of the mainland of Greece and Turkey, 40-50 km, a stretching factor
of about two due to tectonic extension is implied. The strongest extension
seems to have been in the Cretan Trough whereas the Central Aseismic
Plateau (CAP) on which the Cyclades are situated forms a relatively stable
strongly faulted crust block (Figure 5.1). The volcanic centers of the Aegean
Arc are placed along the southern rim of the CAP. They are aligned on five
60◦E-NE-going seismic lineaments that are interpreted as deep lithosphere
rupture zones which permit mantle-derived magma ascent[Friedrich, 2000].
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Figure 5.2: (left) Landsat scene depicting Santorini. The red boxes
correspond to the continuous GPS stations used in this study. (right)
Simplified geological map of Santorini [Vougioukalakis et al., 2005].
The Santorini volcanic complex, located ∼ 120 km north of Creta and
∼ 200 km southeast of the Greek mainland, is comprised of four islands
(Figure 5.2-left): Therassia (9.3 km2) and Thera (75.8 km2) island, a well-
known touristic destination, form the caldera rim; Palea Kameni (0.5 km2)
and Nea Kameni (3.5 km2) have built up in the central caldera. Thera and
Therassia enclose a sea-flooded caldera of ca. 8×10 km size and 300-400 m
depth. They represent the remainder of a formerly ring-shaped island that
existed before the Minoan eruption at ca. 1640 BC. The highest elevations
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on Thera are Mount Profitis Ilias (565 m) in the southeast corner, Mikro
Profitis Ilias (314 m) and Megalo Vouno (330 m) in the north (Figure 5.2-
right). Apart from a small non-volcanic basement represented in the south-
eastern part of Thera, these islands are composed of volcanic rocks from
hundreds of eruptions during the last two million years, some of them being
large caldera-forming events. Palea and Nea Kameni formed during several
lava eruptions in historic time within the caldera created by collapse of the
magma chamber after the Minoan eruption. Figure 5.2-right depicts the
geological composition of the Santorini complex. A detailed analysis of the
Santorini geology can be found in Druitt [1999].
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Figure 5.3: A schematic cross-section of Santorini [Vougioukalakis
et al., 2005].
Most of the tectonic lines seen both on Santorini and on seismic profiles
follow the general southwest-northeast trend. The most important one is
named Kameni Line (Figure 5.2). It intersects the caldera and defines most
of the known eruption centers. It aligns the Christiania islands (Figure 5.1),
the Akrotiri peninsula and Palea and Nea Kameni. An almost parallel one,
the Columbo line, passes through the centers of Megalo Vouno, the maar at
Cape Columbo beach and the Columbo volcano (Figure D.4). The subma-
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rine Columbo volcano briefly emerged from the sea during its 1649-50 erup-
tion. As it emerged in 1650, a massive explosion formed massive pyroclastic
flows which reached the coast of Santorini, killing about 70 inhabitants. It
seems that the rising magma has exploited existing deep-reaching tectonic
fault zones (Figure 5.3).
5.2.2 Eruptive history
A comprehensive summary on the eruption history of the Santorini volcano
complex was given by Druitt [1999] and Friedrich [2000]. Activity of the
Santorini complex started ∼ 600 ka b.p. [Perissoratis, 1995] and the volcano
is well known for its Late Bronze Age eruption of 1640 BC that was classified
as very large (Volcanic Explosivity Index 6.9 or 7.0; [Dominey-Howes, 2004]).
This eruption also formed the general shape of the present caldera. Historic
activity has resulted in the present-day islands of Palea and Nea Kameni.
Approximately 7 km NE of the main island of Santorini, a new volcanic
center broke the water surface in 1650 AD [Perissoratis, 1995]. This volcanic
field is referred to as the Columbo volcanic reef and is considered to be active
today [Dominey-Howes and Minos-Minopoulos, 2004].
Table 5.1: Timing and volumes of dome-forming eruptions on Nea
Kameni since AD 1570 by Parks et al. [2012]
Eruption start date Duration Minimum Volume (m3) GVPaVolume (m3)
1570 or 1573 ? 2.9×106 1.2×106
1707 413 years 1.1×107 8.1×107
1866 434 years 6.7×107 1.4×108
1925 9 months 2.5×107 108
1939 2 years 4.3×107 6×107
1950 23 days 6×105 7×104
Total 1.5×108 3.8×108
a Volumes quoted by the Global Volcanism Program of the Smithsonian Insti-
tution [Siebert and Simkin, 2002]
Most of the modern edifice in the caldera of Santorini is submarine,
but since AD 1570 five subaerial eruptions have formed the island of Nea
Kameni [Parks et al., 2012] (Table 5.1). Figure D.3 depicts the evolution
of Palea and Nea Kameni through the historical eruptions. These erup-
tions have exclusively involved dacite lava, in contrast to the many active
lava-forming systems, which are predominantly basaltic (e.g. Etna, Hawaii).
Eruptions typically include both dome-forming and mildly explosive (Vul-
canian) phases, and the steady effusion of lava. During the most closely ob-
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served eruptions of the twentieth century, flows typically extended to more
than 500-1000 m over durations of 30-200 days [Pyle and Elliott, 2006]. The
erupting lavas are classical examples of creeping viscous flows, similar to
those of slow-growing domes [Griffiths, 2000].
5.3 Input data and methodology
5.3.1 Satellite interferometry
The only suitable data covering the area of interest for the preferred time-
span were Envisat Advanced Synthetic Aperture Radar (ASAR) data. En-
visat, launched in 2002 by European Space Agency (ESA), was initially
intended to stay in orbit for five years. Nevertheless, given the overall ex-
cellent condition of the satellite, it was agreed to extend its operational
lifetime1. In October 2010 Envisat changed its orbit to a 30-day repeat-pass
cycle, by moving to a lower orbit to minimize fuel use. For this new orbit,
it was announced that the ‘drifting phase’ orbit would have ‘fixed nodes’ at
38 ◦N on the descending tracks. This essentially means that the interfero-
gram formation with optimum baselines will be favored around this latitude,
a condition that Santorini complex satisfies. However, since mid-April 2012,
Envisat stopped sending data to Earth2. ESA’s attempts to re-establish
connection were not successful, leading to the declaration of the end of the
Envisat mission3.
There is therefore a unique window of opportunity for studying defor-
mation in Santorini under favorable conditions, from March 2011 to March
2012. The SAR dataset is comprised of thirteen ASAR scenes (Swath 6),
descending Track 93, Frame 2882. The lack of ascending pass data was
due to ESA’s acquisition schedule for the ASAR Global Monitoring mode
of operation in the time period of interest. The exact dates of the imagery
are shown in Table 5.2, along with the associated normal baselines B⊥ and
the time interval ∆T with respect to the 29th September 2011 acquisition
(which is used as a reference). It is noteworthy that the maximum time in-
terval ∆T is 210 days, while the maximum perpendicular baseline B⊥ is 411
m, resulting in considerably suppressed geometrical and temporal decorrela-
tion [Zebker and Villasenor, 1992]. It should be mentioned, that compared
to other typical interferometric time-series analysis with ERS and Envisat
data, with the perpendicular baseline even reaching the decorrelation limit
1http://www.esa.int/esaEO/SEMEZX1PLFG_index_0.html
2http://www.esa.int/esaCP/SEMQ2EHWP0H_index_0.html
3http://www.esa.int/esaCP/SEM1SXSWT1H_index_0.html
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Table 5.2: Available Envisat dataset used for the Santorini study
No Swath Date Orbit No B⊥(m)a ∆T (days)b
1 I6 03/03/2011 47090 411 -210
2 I6 02/04/2011 47521 241 -180
3 I6 02/05/2011 47952 154 -150
4 I6 01/07/2011 48814 185 -90
5 I6 31/07/2011 49245 101 -60
6 I6 30/08/2011 49676 168 -30
7 I6 29/09/2011 50107 0 0
8 I6 29/10/2011 50538 -173 30
9 I6 28/11/2011 50969 -145 60
10 I6 28/12/2011 51400 -184 90
11 I6 27/01/2012 51831 -222 120
12 I6 26/02/2012 52262 319 150
13 I6 27/03/2012 52693 276 180
a perpendicular baseline
b time interval
of 1100 m (e.g. [Hooper et al., 2007; Jung et al., 2007; Raucoules et al.,
2003], also in Chapter 4), the processing scenario (average baseline in the
stack is 215 m) at hand is promising. Figure 5.4 depicts the wrapped inter-
ferograms generated from the data of Table 5.2, using the GAMMA Remote
Sensing4 collection of programs for interferometric processing.
The phase of a single differential interferogram is the sum of the de-
formation signal and a number of error sources. These sources are related
to errors in the DEM used, atmospheric perturbations, ambiguities in the
satellite orbits and thermal noise. In a time-series of interferograms over the
same area of interest, these components can be compensated for extracting
the desired deformation field. Two different approaches were implemented
to construct InSAR time series-SBAS and PSI.
SBAS, described by Lanari et al. [2007] and in Chapter 2.3.3, is an ap-
proach that relies upon the appropriate combination of multiple small spatial
baseline interferograms to derive a linear deformation model. A particular
feature specific to our data is the small temporal baseline as well, which
increases the reliability of the generated model parameters. A total of 70
interferograms were generated for this study-the analysis that followed led
to the reduction of the usable interferograms to 46, by disregarding those
with unwrapping errors. The corresponding baseline distribution is depicted
in Figure 5.5. PSI processing, on the other hand, is applied to permanent
4http://www.gamma-rs.ch/
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Figure 5.4: Wrapped Envisat interferograms with respect to the 29th
September 2011 acquisition which is used as a Master.
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scatterers (PS) that remain coherent under almost all imaging geometries,
as described in Chapter 2.3.2. For the PSI analysis, the scene acquired on
29/09/2011 was selected as a common Master image and formed interfero-
grams with the remaining Slave acquisitions. A challenging factor is the lim-
ited number of available SAR scenes (thirteen), compared to the optimum
dataset size found in literature for the PSI (>25) [Kampes and Hanssen,
2004] technique. However, it is shown here that when high interferometric
coherence is achieved (either due to the suitable sensor imaging geometry or
due to the appropriate land cover of the imaged scene), the respective algo-
rithms converge successfully, and therefore accurately resolving the surface
deformation.
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Figure 5.5: Interferometric pairs formed for the SBAS technique high-
lighting the distribution of the short perpendicular baselines B⊥. The
red circles correspond to the available Envisat ASAR data.
For both the SBAS and PSI methods, the SAR data were processed fol-
lowing a similar procedure to the one described in Chapter 4.2.2. ROI PAC
was used for focusing and DORIS for wrapped differential interferogram
formulation exploiting a SRTM based DEM. The focused data were over-
sampled by a factor of 2 in the range and azimuth directions. The time-series
interferometric analysis was implemented with StaMPS V3.2 [Hooper et al.,
2004]-an approach that was developed to suit volcanic areas and other nat-
ural terrains. A special characteristic of the method is the integration of a
robust and reliable three-dimensional phase unwrapping algorithm [Hooper
and Zebker, 2007], otherwise a major error source in interferometric pro-
cessing. In any case, resolving for the interferometric error sources and the
constant deformation rate was not a straightforward task. It was an iterative
process that entailed the following steps:
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1. Retrieval of the initial model solution,
2. visual inspection of the unwrapped interferograms for errors (phase
jumps >2pi),
3. modification of various parameters that affect the unwrapping prod-
uct, such as spatial filtering before unwrapping (smoothing window,
resampling grid), the maximum allowed phase noise standard devia-
tion for all pixel pairs, the maximum pixel noise, etc.,
4. check for correlation between the mapped DEM error and the estimate
of the atmospheric contribution of the Master scene,
5. removal of those interferograms (usually those with larger perpendic-
ular baselines) that are most likely causing the unwrapping errors and
re-calculate a more robust model,
6. use the previously estimated robust model and re-calculate the model
using the additional interferograms that were removed,
7. quality control of the final result by inspecting the residuals of the
model.
5.3.2 GPS
In recent years, several institutions have installed continuously operating
GPS (cGPS) sites on Santorini, reaching a total of ten as of September
2012 (Figure 5.2). However, the majority of sites in this dense network
(DSLN, WNRY, SANT, RIBA, MOZI, MKMN) were established after mid-
2011. Sites KERA, NOMI, PKMN and SNTR were established before 2011.
Additional information on the technical specifications, installation dates,
etc. can be found in Annex D.1.
For the current study, data collected from all ten receivers were pro-
cessed, covering the period from January 2010 (where data are available) up
to early September 2012. The analysis was carried out using the Bernese
GPS Software V5.0 [Dach et al., 2007] with differenced carrier phase ob-
servables and IGS final products [Dow et al., 2009] to solve for daily site
coordinates and hourly troposphere parameters. The network was tied to
an extensive cGPS network covering all of Greece, which was in turn aligned
to IGS08, via three no-net-translation conditions imposed on a set of selected
fiducial sites [Papanikolaou et al., 2010].
5.3. Input data and methodology 163
5.3.3 InSAR-GPS compatibility
Satellite interferometry measures deformation ~dLOS along the line-of-sight
direction between the ASAR sensor and the imaged scene. GPS, on the other
hand, measures the 3D displacement vector ~d with components ~dn, ~de and
~du in north, east and up directions, respectively. Rendering these indepen-
dent measurements compatible for direct comparison requires reprojecting
the GPS vector ~d to the LOS direction [Hanssen, 2001], i.e. ~dLOS = ~d ·~lLOS ,
where ~lLOS is the unit vector in the satellite LOS. ~lLOS depends on the in-
cidence angle θinc (∼ 39 ◦ for Swath I6) and the heading angle ah (∼ 193 ◦)
of the satellite orbit, which vary across the image swath. For each GPS
location, therefore, a unique ~lLOS was defined using the satellite orbital pa-
rameters and DEM. The variation of the incidence and heading angles across
the SAR image swath are shown in Figure 5.6. Then, a spline interpolation
was applied to estimate the angle values in the exact locations of the GPS
sites. Hence, assuming an incidence angle θinc and a satellite orbit with
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Figure 5.6: Variation of the (left) incidence angle θinc and (right) the
heading angle ah across the image swath.
heading of ah, for each velocity pixel we have [Hanssen, 2001]:
vLOS = vucos(θinc)− vALDsin(θinc), (5.1)
where vALD is the projection of the horizontal components on the azimuth
look direction (ALD):
vALD = vecos(ah)− vnsin(ah) (5.2)
It should be mentioned that the InSAR and dataset available for this
strong deformation scenario present a special characteristic: the increased
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sensitivity to the horizontal, in addition to the vertical components of the
deformation. In similar studies when GPS and interferometric analysis re-
sults are compared (e.g., [Osmanog˘lu et al., 2011]) the SAR imaging ge-
ometry is such that mainly the vertical velocity component is measured.
Typically, when ERS and Envisat are being used to derive velocity esti-
mates over a region of interest, the corresponding datasets are acquired in
Swath I2 with an incidence angle of θinc ∼ 23 ◦. Comparing, therefore, the
sensitivity of the LOS displacement measurement to the horizontal compo-
nents for Swath I2 and I6 using Equations 5.1 and 5.2 we have that vI2LOS =
0.92 ·vu+0.38 ·ve−0.08 ·vn and vI6LOS = 0.77 ·vu+0.6 ·ve−0.14 ·vn, i.e. the
sensitivity decomposition of LOS deformation is [0.92, 0.38, 0.08][vu, ve, vn]
T
and [0.77, 0.6, 0.14][vu, ve, vn]
T respectively. Thus, the contribution of the
horizontal components cannot be neglected, in contrast with the approach
of Ng et al. [2012], where a similar imaging geometry with ALOS/PALSAR
sensor was available.
In addition, the deformation derived by interferometric techniques is
relative to a reference area in the image. Usually, this is a stable area in the
SAR scene that does not exhibit any displacement. In our case, however,
this is not feasible due to the large-scale displacement occurring over the
entire Santorini complex. Hence, the LOS velocities derived from PSI and
SBAS were referenced to an area near the MOZI GPS station (Figure 5.2-
left). The LOS velocity attributed to this area was the corresponding mean
velocity around MOZI, as derived from the GPS time series analysis. This
value (84.1 mm/yr LOS) was added to all the remaining PS deformation
rates.
5.4 The unrest period
5.4.1 Deformation field
The raw time series of the GPS measurements can be found in Figure D.1 of
Annex D.1. Figure 5.7 provides a zoomed insight to four selected GPS sites.
Inspection of the GPS time series in this figure highlights i) the initiation
of a strong uplift episode since January 2011 (Figure 5.7a), and ii) a change
in velocity for all stations at about the end of February 2012. A charac-
teristic example for the latter is the east component of SANT depicted in
Figure 5.7d. It indicates a change in velocity of approximately 87 mm/yr.
The change in motion in February 2012 coincided with a decrease in
seismicity within the caldera and the onset of a swarm of seismicity5 to the
5http://www.emsc-csem.org/
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Figure 5.7: Raw time series of GPS measurements for four selected
permanent stations. NOMI station is plotted from January 2010 to
highlight the initiation of the strong uplift since January 2011. The
thick vertical line corresponds to February 2012, when the phenomenon
exhibits a decay in velocity. The velocities derived from the regression
analysis are shown for each time span, direction, and GPS station.
Plotted using GMT s/w [Wessel and Smith, 1998].
SW of Santorini (Figure 5.8, also by Chouliaras et al. [2012]). For that
reason, estimation of velocities associated with the inflation was limited to
the period from January 2011 up to February 2012. A linear trend was fit
to each component of the daily position time series at each site to estimate
the GPS velocities (Figures 5.9d & e).
The motion change detected in February 2012 led to restricting the pro-
cessed dataset for the interferometric time series analysis not to include the
scene acquired in March 2012, similar to the approach adopted for the GPS
regression of the raw measurements. PSI analysis resulted in the identifi-
cation of 88395 PSs, while the SBAS technique identified 278786 coherent
pixels. PSI and SBAS, assume a different pixel model. For PSI, the assump-
tion for the ground resolution element is that it contains a single dominant
scatterer (PS), whose phase due to decorrelation varies little with time, look
and squint angles. SBAS, on the other hand, aims at identifying pixels that
decorrelate little over short time intervals, named SFDP [Hooper, 2008].
166 Chapter 5. The Santorini inflation episode
Figure 5.8: Evolution of the seismicity at Santorini for four time in-
tervals: a) January 2009-2011 where there is a relative seismic quies-
cence, b) January 2011-2012 when the unrest of the Santorini volcano
starts, c) January-March 2012 with a swarm of seismicity to the SW
of Santorini, and d) March-December 2012 when the seismic activity
near the Kameni islands seizes. The red circles correspond to earth-
quake events.
SDFP and PS pixels are two distinct, but potentially overlapping sets of
pixels, and are in fact complementary with a range of scattering character-
istics. The two pixel clouds were merged by combining both PSI and SBAS
data, leading to 318250 unique points. From the latter points set 39,464
pixels were identified by the PSI technique alone, 229855 by SBAS alone,
and 48391 commonly by both approaches. The merged cloud manages to
achieve i) an enhanced resolution of the deformation, and ii) a more accu-
rate and robust deformation field, since the increased spatial density of the
pixels improves the success rate of the phase unwrapping algorithms, and
limits the generation of phase residues.
The LOS velocities generated for the PSI, SBAS and merged InSAR
dataset are shown in Figures 5.10a, 5.10b and 5.11, ranging from 150
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Figure 5.9: Velocities derived from the regression applied on the GPS
time series measurements and the corresponding Mogi model, for the
a) horizontal and b) vertical components respectively. The cross symbol
represents the Mogi source location (Table 5.4).
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Figure 5.10: LOS velocities for the (a.) PSI and (b.) SBAS pixel
clouds. The MOZI station corresponds to the reference area, and the
colored squares represent the GPS LOS projected velocities.
mm/yr near the source to -10 mm/yr in western Therassia. It should be
noted that for visualization purposes we have resampled the datasets to a 60
m grid. The deformation rates generated for PSI and SBAS techniques are
quite consistent in terms of the derived displacement pattern. SBAS product
is somewhat smoother, as the limited number of available scenes resulted in
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Figure 5.11: LOS velocities for the PSI and SBAS merged pixel cloud.
The MOZI station corresponds to the reference area, and the colored
squares represent the GPS LOS projected velocities.
less accurate modeling of the DEM error with the PSI approach. Elaborating
on this, for the challenging scenario at hand the dataset is quite limited (13
SAR images) with respect to the optimum number of interferograms, which
is ∼ 30 [Ferretti et al., 1999]. This essentially means that phase unwrapping
errors cannot be mitigated in PSI by excluding the respective problematic
interferograms (as one would do if a full dataset was available). Therefore
in isolated areas where phase unwrapping fails, so does the estimation of the
DEM error and the velocity linear model. This is not applicable for SBAS
since due to the highly redundant network that allows keeping only the fully
correctly unwrapped interferograms, the modeling of the error sources is
more reliable.
It should be noted that the SAR sensing geometry, with its incidence
and heading angles, is mainly sensitive to the up and east components of the
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deformation and much less to the north direction. However, the projection of
the up and east vectors along the LOS direction, leads to constructive and
destructive interference, depending on the direction of these components.
This is evident in Figure 5.11, where at the western part of the map the
LOS velocities are smaller than those of the eastern part. This is due to the
fact that the projection of de to the LOS in the western part is negative,
whereas the opposite applies for the eastern part of the image. Hence, it
should not be inferred that Therassia island is stable, but solely the fact
that Equation 5.1 tends to zero.
Both independent sets of measurements, i.e. InSAR and GPS, show the
same radial inflation pattern. Figure 5.12 and Table 5.3 depict the velocities
measured by satellite interferometry and GPS in the LOS direction. The
root-mean-square (RMS) differences between the interferometric and GPS
velocities are 8.72 and 9.28 mm/yr for PSI and SBAS, respectively. No
compensation was applied to estimate orbital errors directly to the InSAR
data. Since orbital fringes usually present themselves as low frequency range
phase ramps, applying spatial filters for eliminating these ramps would lead
to the underestimation of the actual deformation field, which in this case has
also a strong range dependency. Additionally, addressing potential orbital
errors by removing a best fit plane from the InSAR results to match all GPS
data simultaneously did not lead to noticeable improvement and introduced
a bias to the InSAR velocities. Hence, the raw InSAR velocities without
subtracting a velocity gradient were kept (more information can be found in
Annex D.2). With reference to the merged cloud, the corresponding RMS
difference is 9.12 mm/yr. These RMS discrepancies in the observed absolute
velocity values are about the level expected based on joint data uncertainty
[Osmanog˘lu et al., 2011] and can be attributed to:
• noise within the SAR data and minor misfits in modeling the interfer-
ometric error components,
• isolated phase unwrapping errors,
• inherent reduced accuracy in the estimation of the GPS vertical veloc-
ity compared to the horizontal components,
• limited time span of the InSAR and GPS measurements for robust
velocity estimation, and
• existence of unmodeled seasonal (annual and semi-annual) variations,
which introduce bias to the velocity estimates.
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Figure 5.12: Comparison between the velocities measured by the dif-
ferent datasets (InSAR and GPS) and techniques (PSI, SBAS and
merged). The exact values can be found in Table 5.3.
Following the methodologies and the analysis of the results described
above, it is proposed, therefore, that the deformation field during the San-
torini inflation episode is the one shown in Figure 5.11, that corresponds to
the merged pixel cloud, without compensation for a velocity gradient. The
mapping of the deformation field is resolved with very high spatial density
and with increased geodetic accuracy, a result that was also confirmed from
the respective GPS measurements.
5.4.2 Modeling
A Mogi point-source [Mogi, 1958] is used to approximate the inflation episode.
The source location is estimated using a linearized least-squares fit of the
velocities with respect to horizontal location. This formal inversion con-
firms the results of a grid search for the best-fitting source location based on
the reduced χ2 of the least-squares fit to the rate of volume change. Both
methods show that the InSAR data prefer a source location about 1.5 km
to the east of that determined using the GPS data only. The confidence
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Table 5.3: Comparison between the velocities measured by the different
datasets (InSAR and GPS) and techniques (PSI, SBAS and merged)
GPS site GPS velocity
(mm/yr)
PSI velocity
(mm/yr)
SBAS velocity
(mm/yr)
mergeda velocity
(mm/yr)
SANT 124.6 118.42 119.1 118.2
MKMN 106.9 105.68 103.8 104.7
NOMI 91.1 101.50 107.1 104.6
MOZI 84.3 82.28 87.5 82.5
WNRY 76.2 63.00 64.6 62.7
PKMN 60.5 55.80 57.8 57.5
DSLN 47.5 61.01 55.9 56.3
SNTR 15.0 24.3 26.2 24.6
KERA 4.6 13.0 13.6 15.2
RIBA -2.5 6.1 9.1 8.9
a merged PSI and SBAS cloud
interval contours from the grid search are also elongated and skewed to the
north-east, indicating that there is less control on the source location in this
direction using the InSAR data. Alternatively, as alluded to by Newman
et al. [2012], there may be an elongation approximately in the north-south
direction of the source itself. The coverage of the InSAR data is also biased
to the south and east of the caldera, and it is proposed that this may be a
cause for the location to be resolved closer to the island of Thera. Although
the GPS data are more sparse in comparison to the InSAR data, the geom-
etry of the GPS network has more balanced azimuthal coverage around the
caldera and is therefore probably better for determining the source location.
Due to the strong correlation between source depth and rate of volume
change, the probability density functions of these parameters are estimated
using a Monte Carlo analysis based on perturbations of the velocities within
their uncertainties. The GPS and InSAR data are treated separately with
the source location fixed to that estimated using the given data as described
above. Table 5.4 provides the model estimates using GPS only and InSAR
only, including their 95% confidence intervals determined by the Monte Carlo
analysis.
The reduced χ2 misfit of the horizontal components of the GPS data
(7.6) is larger than that of the vertical component (0.8). This has two pos-
sible causes. Either the model is appropriate but the horizontal velocity
uncertainties are optimistically small, or the velocity uncertainties are real-
istic but the model is inappropriate or too simple to explain the horizontal
velocities as well as the vertical velocities. Newman et al. [2012] test a dis-
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Table 5.4: Model parameters for the GPS and InSAR data
Dataset Longitude Latitude Depth/km ∆V/106m3/yr χ2/dofa
3-component GPS 25.3844 36.4286 3.48+0.19−0.17 12.4
+0.9
−0.8 9.1
InSAR 25.4033 36.4256 6.28+0.02−0.02 24.2
+0.1
−0.1 3.52
a degrees of freedom
tributed sill model but consider it unsuitable to explain the observed pattern
of deformation. From this, it is considered that a penny-shaped crack model
will also prove to be unsuitable. The viability of a prolate ellipsoid [Yang
et al., 1988] to simulate a vertical crack was tested as an alternative model.
This does not produce a significantly better fit to the data and also has large
correlations between the aspect ratio of the ellipsoid, rate of volume change
and depth.
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Figure 5.13: (a.)LOS velocities for the best fit parameters of the Mogi
model. The colored squares represent the GPS velocities project to the
Envisat line-of-sight. (c.) Residuals between the model and the InSAR
measurements of Figure 5.11. The cross symbol represents the Mogi
source location (Table 5.4).
It is proposed that the simple Mogi source model is therefore suitable
for the modeling of our data (Figures 5.13a & 5.9). An arbitrarily more
complex source geometry is unlikely to produce a fit that is better than the
Mogi source with statistical significance given the number of free param-
eters. This indicates, however, that our velocity uncertainties, at least in
the horizontal component of the GPS data, may be underestimated. This is
often the case for GPS velocity uncertainties due to temporally correlated
noise in the time series [Williams, 2003], which can be difficult to estimate
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accurately, especially in the presence of transient signals. Santorini is ac-
tively deforming so it is difficult to estimate a realistic data noise model
for both GPS and InSAR. However, the reduced χ2 misfits suggest that the
uncertainties of the horizontal velocities are underestimated by a factor of
2-3, while those of the vertical components were estimated reasonably. As
a result, the uncertainties on the model parameters are also likely to be
similarly underestimated.
5.5 Interpretation
The PSI and SBAS techniques presented here, implicitly account for and
model the error sources in our interferometry data. Using these techniques,
it was possible to gain accurate line-of-sight velocity estimates and uncer-
tainties in full spatial resolution, which are not possible to assess directly
using stacking techniques, as presented by Parks et al. [2012] and Papageor-
giou et al. [2012]. In addition, continuous GPS is able to reach levels of
uncertainty that allow reasonable analysis more quickly than episodic sur-
vey measurements, especially in the case of site accelerations. The expanded
cGPS dataset presented here compared with that available to Newman et al.
[2012] provides much improved spatial coverage to constrain better the lo-
cation of the inflation episode. The longer temporal coverage for our study
also allows us to constrain both the onset and end of the 2011 inflation
episode. Furthermore, a direct comparison of InSAR and GPS datasets for
modeling this episode is presented.
Velocity uncertainties are dealt with more explicitly and rigorously in our
modeling compared to that by Newman et al. [2012] and Parks et al. [2012].
Only one or two of Newman et al. [2012] vertical velocities are significant
outside their associated uncertainties, although Newman et al. [2012] do not
provide quantitative information on the interval of their velocity confidence
ellipses. All GPS uplift rates presented here are significant to beyond a 3-
sigma level, which places good constraints on the vertical motion expected
from any model.
The evolution of the deformation for Nea Kameni is presented in Fig-
ure 5.14. Reduced deformation is seen in both GPS and InSAR data since
February 2012. While up until January 2012 the uplift rate is almost con-
stant, since February 2012 uplift ceased. This pattern is also seen in the
deformation behavior observed with the GPS measurements shown in Fig-
ure 5.7. At the NOMI station (Figure 5.7a), the inflation start date can
be identified (January 2011) but from February 2012 onward a significant
change in rate and possibly in the sign of the deformation (Figure 5.7b and
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Figure 5.14: (a.): Unwrapped differential interferograms zoomed in on
the Nea Kameni region. Master scene is the March 2011 acquisition
and the corresponding Slave date is shown at the top right corner of
each interferogram. The black box is the selected reference point. While
the magnitude of uplift clearly increases for the first three interfero-
grams, in March 2012 the deformation is similar to the one observed
in January 2012. (b.) Cumulative deformation in mm across slice
AB shown in (a.), for selected Envisat acquisition dates. Since end
of February 2012 an anomaly in the almost constant rate of uplift (up
until January 2012) is detected.
d) is observed. At NOMI, the new velocities estimated for the period from
April to September 2012 are comparable to those of the January-December
2010 time span. Finally, the transient subsidence event, seen in Figure 5.14b,
that occurred in February 2012 is also observed in the GPS measurements
shown in Figure 5.7, mostly in the north and up directions.
Differences in the approach between this study, Newman et al. [2012] and
Parks et al. [2012] in terms of presented data type, coverage and processing
technique lead to slight differences in the Mogi source model and associated
uncertainties. While all models agree to within their quoted ranges and
uncertainties, the correlation between depth and rate of volume change, and
the restricted and asymmetric data coverage around the caldera, produces
differences in the estimates of these parameters of a factor of two. Locations
from GPS and Parks et al. [2012] InSAR agree to within ∼ 0.5 km, although
our InSAR data in this study prefer a location ∼ 1.5 km further east. It was
previously discussed how this may be due to the asymmetry of the dataset.
The source of inflation undoubtedly lies to the north of Nea Kameni.
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This suggests a complex magma chamber below Santorini which is not nec-
essarily connected directly below the historical center of eruptive activity
(the Kameni islands). It may be that the shallow chamber is fragmented,
with lobes or multiple storage areas spread above a deeper reservoir. Alter-
natively, while the simple Mogi source does fit the available data well within
their uncertainties here, the asymmetry of the residuals (Figure 5.13b) and
the tendency for the InSAR data to require the center of inflation to be to
the east of that preferred by the GPS data suggests that a more complex
model may be more realistic. For example, such a model might consist of
magma chamber recharge that is not axi-symmetric, and hence may not be
accounted for completely by a simple point, spherical or ellipsoidal source,
or evolving location and rate of volume change of the source over time. Such
a more complex model is not justified here by the data though.
For the most part, however, this is a relatively simple uplift event sug-
gesting charging of the magma chamber beneath the caldera or permanent
redistribution of hydrothermal fluids at depth. There is currently no evi-
dence that this is a transient episode that will reverse, rather it began and
has now returned to previously observed rates of deformation. Although
such inflation events are often precursors to eruptive activity, this is not
always the case; many examples exist of inflation episodes that did not
ultimately result in eruption and were followed by the waning of deforma-
tion [Battaglia et al., 2003]. In some cases, these episodes are thought to
involve hydrothermal processes rather than emplacement of magma [Gotts-
mann et al., 2007]. Such episodes require multi-disciplinary studies including
gravity, micro-seismicity (tremor activity) and, potentially, surface chemical
analyses to verify. The depth of the source determined in this study (3.3-6.3
km), however, would suggest that, unless a very deep hydrothermal fluid
reservoir exists beneath the caldera, this episode is likely to be one of mag-
matic inflation of the shallow chamber. The volume associated with this
episode of inflation is very small compared to the eruptive volume of past
large eruptions (Table 5.1), although it is comparable to smaller events in
recent history [Siebert and Simkin, 2002].
Finally, Santorini is still being monitored with GPS and satellite data,
even though ESA’s Envisat life cycle has come to an end. COSMO-SkyMed
X-band data have been acquired and processed after the apparent end of
the episode in February 2012. First results show that there is some ongo-
ing deformation occurring in the complex with significantly lower, however,
magnitude compared to the activity during the unrest period. Again most
of the uplift is pinpointed in the Kameni islands, but the general pattern
over the entire volcanic complex has lost its radial characteristic. These
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outcomes go beyond the scope of this dissertation, are part of post-doctoral
research and therefore no more details are included herein.
5.6 Section conclusions
In conclusion, extensive monitoring of the Santorini volcano with remote
sensing techniques and extended geodetic measurements have quantified a
period of unrest of the volcano which began in January 2011 and is shown
here to have diminished around the end of February 2012. Deformation
maps with wide coverage and high accuracy were generated, depicting uplift
with a radially decaying pattern in amplitude and velocity from the center of
deformation. Maximum inflation of 150 mm/yr, an unprecedent magnitude
for Santorini since quantitative monitoring of the area began, is observed at
Nea Kameni (a resurgent dome within the caldera), and in Imerovigli and
Fira in Thera island (northeast of Nea Kameni). Inversion of the InSAR
and GPS data using a Mogi model suggests a source depth of 3.3-6.3 km.
Since February 2012, when the rapid episode ceased, the observed dis-
placement has declined significantly, possibly signaling a new phase of rela-
tive stability and reducing the probability of an imminent volcanic eruption,
following empirical knowledge from calderas that experienced similar infla-
tion episodes in the past [Newhall and Dzurisin, 1988].
Chapter6
Summary & remarks
Having presented in the previous chapters a series of applications, mainly
based on the use of satellite interferometry for monitoring geophysical phe-
nomena, this chapter is devoted to summarizing the main outcomes of this
thesis (Section 6.1), outlining some remarks on the interferometry tools that
were used (Section 6.2) and considerations on the big data volume of the
generated products (Section 6.3), and finally providing the envisaged future
directions of this work (Section 6.4).
6.1 Added-value for geophysical applications
Differential interferometry and multi-interferogram techniques were exten-
sively applied in this research work and were presented in this dissertation.
The geodetic value of space-borne methodologies, combined with the ground-
based measurements, coupled with geophysical models and the correspond-
ing interpretation scenarios, lead to an integrated approach for monitoring
geophysical activity in Greece. The added-value of the products that was
generated in this thesis are the focus of this section.
In Section 3.2 we focused on rendering compatible and comparable the
InSAR derived displacements, related to the September 7, 1999 Athens
earthquake (Mw 5.9), with leveling survey data. The proposed method
used a mean stacked interferogram to get a more consistent representation
of the displacement pattern and demonstrated the agreement between the
deformation values originating from InSAR data with the ones derived from
leveling survey data. Only minor discrepancies were identified between the
two, confirming the observed displacement pattern and thus minimizing am-
biguities.
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In Section 3.3 we investigated the 2008 Movri earthquake (Mw 6.4), the
first modern, strong strike-slip earthquake in the Greek mainland. DInSAR
stacking analysis detected co-seismic motion only in Kato Achaia where in-
terferogram fringe pattern showed vertical displacement from 3.0 to 6.0 cm.
From field-surveys maximum intensity of VIII in Kato Achaia was estimated,
while the most important liquefaction spots were also observed there. These
observations are attributable neither to surface fault-breaks nor to site ef-
fects but possibly to high ground acceleration due to the co-seismic uplift.
Additionally, dislocation modeling of a buried fault in an elastic half-space
showed maximum uplift of about 8.0 cm in the Kato Achaia area at the
hanging wall of the reverse component of fault motion in the NW part of
the aftershock area. Combining, therefore, information from DInSAR, field
works, dislocation model and historical seismicity records, it is argued that
the causal association between ground displacement and increased earth-
quake damage in the hanging wall of motion becomes possible not only
for pure dip-slip earthquakes but also for strike-slip earthquakes with small
dip-slip component, as the Kato Achaia case indicates [Papadopoulos et al.,
2010].
In Chapter 4 we exploited the most advanced multi-interferogram tech-
niques (PSI & SBAS), applying the necessary algorithmic adaptations where
necessary, for the optimistic goal of mapping surface deformation in the
wider Athens metropolitan area, the spatial coverage of the which exceeded
2000 km2. The analysis managed to successfully estimate ground velocity
maps in two periods (1992-1999 and 2002-2010) with two descending and
one ascending tracks, using ERS and Envisat data. This multi-track data
then allowed the decomposition of the velocity vectors to their vertical and
horizontal components. Careful inspection of the displacement patterns re-
vealed horizontal tectonic motion of opposite sign in the two sides of the
Thriasio fault that gave the catastrophic 1999 Athens earthquake. Addi-
tionally, in Kifissia municipality we identified subsidence (∼8 mm/yr) in the
1992-1999 period as a result of intense water extraction activities. This sub-
sidence was overturned to uplift (∼4 mm/yr) in the 2002-2010 period since
underground water pumping was abandoned in late 1995, and the area is
at the moment at a state of physical rebound. Finally, the analysis of this
chapter can serve as a benchmark for the historical local displacement map-
ping with state-of-the-art geodetic methods, since several, spatially rather
isolated, slowly deforming areas were identified.
In Chapter 5 we used the established PSI and SBAS techniques (similar
to what we did in Chapter 4) to map displacement due to the volcanic unrest
in Santorini, based on the software customized for measuring deformation
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specifically on volcanoes [Hooper et al., 2004]. We achieved high resolution
of the deformation signal (318250 unique pixels) using full resolution inter-
ferograms (no multi-looking was applied). We used a low number of Envisat
data, from March 2011 till March 2012, and managed to model the vari-
ous interferometric error sources, quantifying, hence, the total deformation
that occurred (maximum 150 mm/yr near Nea Kameni) during the inflation
volcanic episode. Additionally, we analyzed data from ten continuous GPS
stations spanning up to September 2012. After establishing the consistency
between the GPS and InSAR methodologies and the accurate quantification
of the total inflation in Santorini from start of the episode till its conclu-
sion, we modeled the unrest source using a Mogi model. The depth and
volume rate characteristics of the best fit Mogi model, along with the dec-
laration of the end of the episode using GPS and InSAR data (estimated to
have occurred in late February 2012), led to the conclusion that Santorini
has entered a new era of relative stability, decreasing the probability of an
imminent volcanic eruption.
6.2 Assessment of interferometric tools
It was shown in this dissertation that radar interferometry has remarkable
potential in conducting highly accurate geodetic measurements, with in-
creased spatial coverage. The latter is the key difference between space-
based and in-situ measurements. GPS data from continuous operating sta-
tions, on the other hand offer, can offer increased accuracy, very dense tem-
poral sampling but very low spatial coverage. Leveling field-works provide
unparallel accuracy, but with low spatial and temporal sampling. It is ob-
vious, therefore, that the integrated use of these diverse sources of geodetic
measurements is invaluable when it comes to monitoring surface deforma-
tion.
Apart from ground displacement, InSAR techniques were used herein
to generate precise DEMs in the Attica prefecture. In Section 3.4, cross-
interferometry was demonstrated for two tandem ERS-Envisat frames. While
for the one tandem pair its perpendicular baseline was close to the compen-
sation baseline, for the second pair it was marginal (∼1400 m). Under these
non-ideal conditions though, CInSAR was achieved, outlining the impor-
tance of appropriate, spatially adaptive CB filtering. However this comes at
the expense of spatial resolution.
DEM reconstruction was presented for two sites in Attica. CInSAR DEM
was in agreement with the existing SRTM DEM, significantly suppressing
the local height variations of the latter, as a result of the increased height
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sensitivity offered by the use of long perpendicular baselines. The disadvan-
tage of the method is the reduced spatial coverage of the DEM as opposed
to conventional tandem-InSAR for DEM reconstruction that usually fails in
incoherent vegetated areas only.
Referring to coherence, another important observation was that coher-
ence maps in CInSAR can be used for land use/land cover classification
applications. Urban areas were affected by volume decorrelation leading to
partial coherence degradation, hilly and vegetated regions exhibited total
coherence loss due to surface and temporal decorrelation, and agricultural
areas and flat bare soils showed high coherence. Appropriate models of these
decorrelation factors though should be generated for the development of an
effective classification tool.
Moving to the various software modules that were used throughout this
thesis, and which are synoptically described in Table 3.1, it is worthwhile
sharing personal experience of their use. Conventional interferometry is now
a well-established technique, and can be satisfactorily served by all software
packages. However, GAMMA suite of modules possesses a very rich set of
functionalities, from interferogram filtering to advanced co-registration algo-
rithms, phase unwrapping, display & export tools, multi-temporal analysis
for classification methodologies, to name a few, and is open-source. Most
importantly, algorithms and scripts exist in GAMMA for CInSAR applica-
tions, specifically for the ERS-Envisat tandem mission. ROI PAC gets the
job done as well, but is not as fast as GAMMA. DORIS is more difficult to
learn, is not user-friendly at all, but has a steep learning curve and once the
user is familiarized with its usage, DInSAR processing becomes straightfor-
ward. NEST provides a nice user interface on top of DORIS, but the limited
experience of the author with this software showed that is quite buggy at
the moment and, requires several updates to allow the seamless generation
of interferograms. Additionally, a drawback of NEST is that it requires to
start from Level 1 data and therefore allows no control over the SAR fo-
cusing step. Finally, DIAPASON was used at the first stages of this thesis,
prior to and after the integration of a user interface. This software is not
open-source and was rather rough around the edges, thus it was abandoned
thereafter.
When it comes to multi-interferogram techniques only GAMMA and
StaMPS were extensively used. The former allows the application of inter-
ferometric stacking to derive displacement rates (Section 2.3.1) and the PSI
method named IPTA, while StaMPS (see section Section 4.2.2 for both)
employs a combined PSInSAR and SBAS approach to identify coherent pix-
els, without making any assumptions for the deformation model (e.g. linear
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rate). GAMMA this time poses proprietary restrictions on the IPTA mod-
ules and is therefore closed-source, in contrast to StaMPS that is open-source
and is supported by an active user community. Throughout the various PSI
experiments that were conducted in the framework of this thesis and specifi-
cally in the wider Athens study (Chapter 4), it should be clearly stated that
StaMPS has proven to be far more robust compared to GAMMA IPTA pro-
cessing. Although the author could not assess the algorithmic value of the
various IPTA software components, the regression analysis was highly de-
pendent on the input set of parameters (e.g. number and width of patches,
initial estimates for the deformation and the DEM error and baseline ac-
curacy) and the location of a referent point. Slight modification of these
parameters would yield completely different results and severe unwrapping
errors for the entire deformation field, leading to a constant trial-and-error
process. Parameter selection for StaMPS on the other hand was also cru-
cial, but mainly to what concerns the processing times. Modification of the
various parameters would lead to either the introduction or elimination of
spatially isolated errors. The excellence of StaMPS is mainly attributed to
the spatial correlation approach it has adopted and the robust and innova-
tive three-dimensional phase unwrapping algorithm. It should be mentioned
however that GAMMA IPTA modules, written in C programming language
as opposed to Matlab scripts for StaMPS, are faster in processing the same
datasets.
Comparing the performance of the multi-interferogram techniques, with-
out a doubt, interferometric stacking is the weakest in estimating deforma-
tion gradients, although it was the fastest processing-wise. This is to be
expected, however, since stacking does not model the various interferomet-
ric error sources (DEM, orbital, atmospheric). This was especially clear in
Chapter 5, when interferometric stacking was implemented, accurate results
were obtained only close to the reference point. Away from the reference
point, large errors were introduced. The use of PSI techniques on the other
hand for the same limited dataset of Envisat scenes (only 12 interferograms)
was unexpectedly successful in retrieving the full velocity field during the
volcanic unrest, with low standard deviations. This was due to the high co-
herence from the optimum repeat-pass imaging geometry and the underlying
land use/land cover of the islands.
Oversampling also played a vital role in the high deformation resolution
achieved in the studies of Chapters 4 and 5 and is clearly suggested to use in
both the permanent scatterers and the SBAS techniques. SBAS manages to
identify more coherent pixels than PSInSAR, at the expense however of the
increased processing time. The thematic results are quite similar for the two
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approaches as was shown in the previous chapter, and is therefore recom-
mended to use the merged PS and SBAS point-sets for ensuring an increased
spatial density of the pixels for which velocity estimates are generated.
6.3 Big data considerations
Processing times, memory capacity, and data storage become very important
when processing a large AOI, as we did in Chapter 4. Starting from raw
SAR data to the generation of the final velocity maps entails a huge number
of intermediate products. These intermediate products cannot be deleted as
quality checks in subsequent processing steps may require restarting in some
specific step and slightly modifying the processing parameters and related
scripts.
Referring indicatively to Table 4.8 where the key SBAS processing pa-
rameters are summarized, one can observe that for the six interferometric
stacks, almost 500 interferograms were generated and these interferograms
were split into patches (a little bit less than five million pixels per patch).
The number of patches ranged from 48 to 72. Therefore, during the PSI pro-
cessing for SBAS only, several operation steps were computed in each patch,
resulting to the processing of ∼ 27000 patches independently. In Table 6.1,
indicative volume sizes are provided for some interferometric products that
need to be stored in the hard drive during the processing. It should be men-
tioned that more than 4 TB of disk space were consumed for these analyses.
Similarly, the processing times were quite long and pose severe restric-
tions on the achievable spatial coverage of an AOI. Although no systematic
logs for the processing times at the various intermediate steps were kept, for
differential interferometry the bottleneck was image coregistration, while for
PSI it was the phase noise estimation step, an iterative procedure that esti-
mates the phase noise value for each candidate pixel in every interferogram.
Indicatively, raw SAR image focusing alone took ∼ 20 minutes to finish
(hardware characteristics: 4-core i7 CPU2.67GHz, 3GB RAM)
Effective management of data and the corresponding processing is of
paramount importance for monitoring crustal deformation on a large scale.
Although very recently a methodology has emerged to process SAR data us-
ing PSI for wide area coverage, the so called Wide Area Product [Rodriguez
Gonzalez et al., 2013], which is generated by aggregation of PSI processings
over multiple frames, the technique remains still widely unknown, and its ac-
curacy has not been tested. Therefore, new directions for the minimization
of the processing times are always welcome by the research community.
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Table 6.1: Volume size for indicative data and interferometric products
of the Athens study (Chapter 4).
Data or product Volume
Raw SAR image as received from EOli ∼160 MB
Raw SAR image in ROI PAC format ∼300 MB
SLC SAR image ∼700 MB
Cropped and oversampled (2× in range & 2× in az-
imuth) SLC image
∼2.8 GB
Resampled coregistered slave SLC image ∼2.8 GB
DEM products covering the AOI ∼200 MB
DEM resampled in SAR image coordinates ∼1 GB
Flattened interferogram ∼1.1 GB
Differential interferogram ∼1.1 GB
Patch for the PS technique (on average for the urban
environment of the AOI)
∼300 MB
Patch for the SBAS technique (on average for the
urban environment of the AOI)
∼1.3 GB
Tables of AOI coordinates for each coherent pixel ∼800 MB
Interferometric products (e.g, DEM corrections, etc.)
from PS
∼500 MB
Interferometric products (e.g, DEM corrections, etc.)
from SBAS
∼500 MB
6.4 Future perspectives
The efficient execution of image processing algorithms on very large datasets
such as the rich ERS and Envisat archive is a highly challenging task, even
if the algorithms are highly amendable to parallelization. Issues such as the
distribution of data at different physical machines, the simultaneous use of
heterogeneous computing resources, the multiple-levels of the memory hier-
archy of each machine, the different programming models and languages, all
play a critical role. Even more complicated issues arise when the algorithm
is a work flow which needs to pipeline several computations together in or-
der to reach the desired result (e.g. focusing, coregistration, inteferogram
formulation, patching, PSI processing steps). As more and more applica-
tion domains are facing the problem of managing immerse amounts of data
quickly, a new software stack has recently been developed that at the lowest
level has a distributed file system, on top of which higher-level program-
ming systems are deployed. Central to most such systems is a programming
framework called Map-Reduce [Dean and Ghemawat, 2008].
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The map-reduce programming framework allows computations to be de-
scribed in an intuitive, functional programming style, while at the same
time nicely separating the expression of the desired computation from the
underlying details of parallelization, failure handling, etc. The map-reduce
framework is steadily emerging as the de facto standard for large scale pro-
cessing. It has already been extensively used in problems dealing with re-
lational data, for example, HadoopDB [Abouzeid et al., 2009] is a system
which allows map-reduce programs to be deployed on a cluster where the
actual computation is performed by a relational database. A similar system,
Haloop, focuses on the efficient execution of work flows in a map-reduce envi-
ronment. Apache Pig [Olston et al., 2008] is a system developed at Yahoo!
which automatically translates a high-level language describing relational
operations into a map-reduce program which can be executed in Hadoop.
The map-reduce framework has also been used extensively and with great
success for data mining tasks such as clustering, link analysis, etc. on the
web. With respect to EO, there has been some preliminary use of the map-
reduce framework mostly in the context of work flow systems [Wang et al.,
2009]. Additionally, the high profile SciDB [Brown, 2010] project is focusing
on building a scalable parallel array engine and supporting array processing
inside the Postgres DBMS. Similarly through the TELEIOS FP7 project
[Koubarakis et al., 2012] the developers of the MonetDB database manage-
ment system enable the use of arrays in SQL queries by introducing SciQL
[Zhang et al., 2011], a superset of SQL which treats arrays as first-class
citizens.
Parallelization of processing using the established techniques for persis-
tent scatterer interferometry is certainly one way to go forward. This need is
envisaged to become more and more imperative as datasets of SAR imagery
are getting richer and richer. ALOS/PALSAR, TerraSAR-X, COSMO-
SkyMED and Radarsat data, along with ERS and Envisat have created
the critical data mass to allow conducting multi-interferogram analyses ef-
fectively. According to the author’s opinion, this is expected to be the
big challenge for satellite interferometry in the coming years: the effective,
timely and robust exploitation and processing of the long SAR data series
from a multitude of satellite platforms, in semi-automatic approach, elimi-
nating as much as possible the need of interaction with an operator.
The plethora of SAR datasets will additionally allow conducting multi-
sensor experiments systematically over the same AOI. Carrier frequency
diversity (C-, X-, L, and P- band SAR systems), different spatial resolutions
and field-of-views and instrument diversity, i.e. InSAR, GPS and leveling,
are expected to play a vital role in the integrated monitoring of geophysical
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phenomena and ground displacement due to manmade activities.
Finally, a lot of independent research groups have been conducting re-
search work using PSI techniques and have been generating valuable surface
deformation rate maps. These products are rarely made available to the
wider user community and remain ‘hidden’. We believe there is a need to
render these geodetic measurements available to stakeholders, either these
are other research groups, or they are institutional users (e.g. civil protec-
tion agencies, etc.). The unrestricted access to interferometrically derived
products would proliferate the added-value that can be extracted from the
integrated processing of diverse geodetic datasets. This will also allow the
comprehensive and systematic monitoring of AOIs that are of special in-
terest, either for a large urban metropolis like Athens, or for geophysically
active regions like Santorini. The, soon to be launched, Sentinel-1 data will
contribute significantly to this end: Athens & Santorini will be seamlessly
monitored with coherent, accurate and large-scale measurements since 1992
and as long the mission continuity of ERS, Envisat, and Sentinel-1 is en-
sured.

Appendices

AppendixA
Interferometric phase unwrapping
This Annex is devoted to elaborating the core algorithms for interferometric
phase unwrapping in two dimensions. Simplified examples on simulated
phase data are included.
A.1 One-dimensional phase unwrapping
It is easier to understand some of the difficulties encountered in two-dimensional
phase unwrapping (applicable in the case of SAR interferometry) by il-
lustrating the important aspects of phase unwrapping with simple one-
dimensional signals. Assuming that the original signal is φ(n) and the wrap-
ping operator is W, then the unwrapped phase ψ(n) is:
ψ(n) = W{φ(n)} = φ(n) + 2piκ(n), n = 0, 1, ...., N − 1 (A.1)
where κ(n) is an array of integers chosen so that −pi < ψ(n) ≤ pi and N
is the total number of samples of the signal. In phase unwrapping one has
to start from the measured ψ(n) in order to retrieve the actual phase φ(n).
In 1982 Itoh analyzed the one dimensional phase unwrapping problem and
showed that the unwrapped phase can be obtained by integrating (summing)
wrapped phase differences [Itoh, 1982]. The unwrapped result will equal the
true phase provided the true phase differences are less than pi radians in
magnitude everywhere. In other words if the true phase is not aliased, i.e.
the Nyquist criterion is met, the unwrapping is correct.
Assuming, thus, that:
− pi < ∆{φ(n)} ≤ pi (A.2)
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where ∆ is the difference operator, then the phase can be reconstructed by
integrating the wrapped differences of wrapped phases, using the following
formula:
φ(n) = φ(0) +
n−1∑
m=0
W{∆{W{φ(m)}}} (A.3)
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Figure A.1: One-dimensional phase unwrapping examples. In all sub-
figures the original, wrapped and unwrapped using the Itoh methodology
phases are plotted. The upper row corresponds to a simulated linear
phase, while the bottom to a simulated sinusoidal. In the left figures
the Nyquist criterion is satisfied, while in the right it is not.
Figure A.1 depicts some simple simulation results for the application of
the Itoh methodology for one-dimensional phase unwrapping both when the
Nyquist requirement of Equation A.2 is met and when it is not. The distinct
processing steps followed are the following [Ghiglia and Pritt, 1998]:
1. Compute the phase differences: D(i) = ψ(i+1)−ψ(i) for i = 0, ..., N−
2.
2. Compute the wrapped phase differences: ∆(i) = arctan{sinD(i), cosD(i)}
for i = 0, ..., N − 2.
3. Initialize the first unwrapped value: φ(0) = ψ(0).
4. Unwrap by summing the wrapped phase differences: φ(i) = φ(i− 1) +
∆(i− 1), for i = 1, ..., N − 1.
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A.2 Two-dimensional phase unwrapping
In general, if no a priori information about the interferometric phase φ is
available, i.e. no constraint is given to the solution, phase unwrapping, here-
inafter PU, is an ill-posed inverse problem and therefore an infinite number
of different solutions can be found, all honoring the data. The most straight-
forward PU procedure would be a simple integration of the phase differences,
starting from a reference point. However, because of phase discontinuities, it
is not always accurate [Fletcher et al., 2007]. An example of straightforward
PU in the absence of phase discontinuities is shown in Figure A.2, using
a modified 2D version of the Itoh methodology presented in the previous
section. The received wrapped interferometric phase is contaminated with
white Gaussian noise and the resulting SNR is set to the modest 8 dB.
True unwrapped phase
Nx
N
y
ra
di
an
s
 
 
0 20 40 60 80 100 120
0
50
100
150
200
250 0
5
10
15
20
25
30
35
40
45
50
Wrapped phase (measurement), contamininate with gaussian noise
Nx
N
y
ra
di
an
s
 
 
0 20 40 60 80 100 120
0
50
100
150
200
250 −3
−2
−1
0
1
2
3
Unwrapped phase from measurement
Nx
N
y
ra
di
an
s
 
 
0 20 40 60 80 100 120
0
50
100
150
200
250 0
5
10
15
20
25
30
35
40
45
50
Residual (error) phase, true−measured unwrapped phase
Nx
Ny ra
di
an
s
 
 
0 20 40 60 80 100 120
0
50
100
150
200
250 −2
−1.5
−1
−0.5
0
0.5
1
1.5
Figure A.2: Simulation of two-dimensional phase unwrapping sce-
nario in the presence of white Gaussian noise, using the modified Itoh
method. Residuals are less than pi.
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Almost all two-dimensional PU algorithms are based on the assumption
that the true unwrapped phase field is smooth and varies slowly, i.e. thee
neighboring phase values are assumed to be within one-half cycle (pi radi-
ans) of one another and the sampling Nyquist criterion of Equation A.2 is
satisfied. Though this hypothesis is often valid for most of the image pixels,
the presence of some phase discontinuities (i.e. absolute phase variations be-
tween neighboring pixels of greater than pi radians) causes inconsistencies,
since integration yields different results depending on the path followed.
This feature is evident whenever the sum of the wrapped phase differences
around a closed path differs from zero. To be consistent, a gradient field
must be irrotational; i.e. the curl of ∇φ should be zero everywhere [Spag-
nolini, 1995]. Whenever this condition is met over the whole interferogram,
we have a trivial PU problem. Unfortunately, this is almost never the case
in InSAR data processing mainly due to phase noise, steep terrain slopes or
large scale deformation [Fletcher et al., 2007].
The rotational component of the gradient field can easily be estimated
by summing the wrapped phase differences around the closed paths formed
by each mutually neighboring set of four pixels. Whenever the sum is not
zero, a residue is said to occur [Goldstein et al., 1988]. Its value is usually
normalised to one cycle and it can be either positive (+1) or negative (-
1). The summation of the wrapped phase variations along an arbitrary
closed path equals the algebraic sum of the residues enclosed in the path.
Therefore, an estimate of the true gradient (i.e. phase derivative) is obtained
by wrapping the differences of wrapped phase [Ghiglia and Pritt, 1998]. For
example, referring to Figure A.3:
∆1 = W{ψ(m,n+ 1)− ψ(m,n)}
∆2 = W{ψ(m+ 1, n+ 1)− ψ(m,n+ 1)}
∆3 = W{ψ(m+ 1, n)− ψ(m+ 1, n+ 1)}
∆4 = W{ψ(m,n)− ψ(m+ 1, n)}
(A.4)
Substituting the actual sample values from Figure A.3 into Equation A.4
for the upper-left closed path we find that ∆1 = −0.2, ∆2 = −0.1, ∆3 =
+0.4 and ∆4 = −0.1. The corresponding values for the bottom-right loop
are ∆1 = +0.4, ∆2 = +0.1, ∆3 = +0.3 and ∆4 = +0.2. The residue
charges q can be now computed for the two scenarios by summing the phase
differences around the closed paths:
q =
4∑
i=1
∆i (A.5)
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Figure A.3: A small portion of a typical array of wrapped values.
For simplicity the samples represent the phase in cycles and should be
multiplied by 2pi to obtain the wrapped phase in radians. The m and
n index directions are shown along with two closed unwrapping paths
for detecting a possible residue.
Using Equation A.5, the residue charge for the first path is zero, while
for the second is 1. Here we have found a nonzero path integral, so we label
it a residue with a positive charge or polarity. If we perform similar path
integrations over the remaining paths, more nonzero integrals will be iden-
tified. At the points where the residues are detected, local curl components
exist, the wrapped phase is nonconservative and path-independent integra-
tion is not possible. The existence of residues is a necessary and sufficient
condition for path dependence in 2D PU [Ghiglia and Pritt, 1998].
There are two main categories for PU namely path-following methods
and minimum-norm methods. In the first category, if residues are present,
then branch cuts must be placed between residues of opposite polarity to
avoid path-dependent results. The role of the branch cuts is to balance the
residues so that any closed path always encloses an equal number of positive
and negative residues or no residues at all. Once the branch cuts are in
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place, the phase can be unwrapped along any path that does not cross the
branch cuts. The PU problem is thus reduced to the problem of choosing
an appropriate set of branch cuts.
A classic path-following algorithm is Goldstein’s brach cut method [Gold-
stein et al., 1988], an approach that is effective in generating optimal branch
cuts and is computationally extremely fast. The idea is to connect nearby
residues with branch cuts so that the residues are balanced. The cuts are
generated by a method that attempts to minimize the sum of the cut lengths.
Another PU technique in this context are the quality-guided path following
techniques an approach to PU in which the integration path follows the high
quality pixels and avoids the low quality pixels, using an appropriate quality
map, e.g. a coherence map [Xu and Cumming, 1999]. It is natural to view
these algorithms as a region-growing approach.
Progress was made by adopting an ‘hybrid’ algorithm that uses a qual-
ity map to guide the placement of branch cuts, in an attempt to combine
the advantages of both of the above algorithms: additional information is
exploited to guide the unwrapping process, and branch cuts are employed
to ensure that no unbalanced residues are encircled [Prati et al., 1990]. This
approach is found in literature as a mask cut algorithm. The algorithm is
about half as fast as the quality-guided path follower [Ghiglia and Pritt,
1998].
A different approach is adopted using the minimum-norm methods. This
approach imposes constraints on the solution in a mathematically formal
manner. The concept is to seek the unwrapped phase whose local derivatives
match the measured derivatives as closely as possible in the generalized
minimum-norm sense. Thus, all PU algorithms in the category seek to
minimize the following cost function [Fletcher et al., 2007]:
C =
{∑
i,j
w
(r)
i,j
∣∣∣∆(r)ψi,j−∆(r)W φi,j∣∣∣p+∑
i,j
w
(a)
i,j
∣∣∣∆(a)ψi,j−∆(a)W φi,j∣∣∣p
}
(A.6)
where 0 5 p 5 2, ∆ indicates discrete differentiation along range (r) and
azimuth (a) directions respectively, w are user-defined weights and the suffix
W to the differentiation operator ∆ indicates that the phase differences are
wrapped.
For p = 2 we have an L2-norm, least squares minimization problem.
These types of problems are generally favored because they lead to linear
equations. Figure A.4 shows an implementation of an unweighted least-
squares method (i.e. wi,j = 1, ∀i,j in Equation A.6), based on Fast Fourier
Transform (FFT) [Ghiglia and Pritt, 1998] for simulated data. As observed,
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these solutions are prone to severe errors caused by phase discontinuities,
encountered near the edges of the interferometric image.
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Figure A.4: Simulation of two-dimensional phase unwrapping sce-
nario, applying an Unweighted Least Squares approach. 2pi residuals
are detected near the edges.
It should be mentioned that a post-processing operation has been ap-
plied, namely the congruence operation [Pritt, 1997], that is applicable to
any least-squares algorithm. Unlike path-following algorithms, least-square
techniques do not produce an unwrapped surface that is congruent to the
wrapped phase. Therefore, the simplest way to define the congruence oper-
ation is to subtract the derived unwrapped phase φ(x, y) from the measured
wrapped phase ψ(x, y), wrap the result and then add it to the unwrapped
phase. Congruence phase φˆ(x, y) is then defined as:
φˆ(x, y) = φ(x, y) +W [ψ(x, y)− φ(x, y)] (A.7)
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Figure A.5: Performance comparison of the Itoh and Unweighted Least
Square approaches, in the presence of a white Gaussian noise patch.
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Figure A.5 demonstrates the comparative performance of the unweighted
least squares PU approach of a simulated linear interferometric phase, versus
simple phase integration using the Itoh method - without using any path-
following techniques - in the presence of a very noisy (SNR = 1) patch. Fig-
ure A.5-a shows the original phase, while Figure A.5-b the wrapped measure-
ment. Figure A.5-c depicts the location of the residues using Equations A.4
and A.5. Subplots A.5-d and A.5-e show the result of the unweighted least
squares PU process before and after congruence respectively, while Fig-
ure A.5-f highlights the resulting residuals. Figure A.5-g and A.5-h present
the corresponding result for the modified 2D Itoh integration method. It
is clear that in this latter approach where the problem of residues is ig-
nored, severe unwrapping problems occur within the noisy patch and most
importantly these errors propagate to the high quality regions of the inter-
ferogram.
Weighted least square methods use predetermined weights (e.g. quality
maps) to avoid integrating through residues. A number of algorithms has
been developed for this minimization problem, including the Picard Conju-
gate Gradient (PCG) method [Ghiglia and Romero, 1994] that has robust
convergence properties and well-defined termination conditions. Like the
quality-guided and mask cut algorithms, the PCG algorithm is useless in
cases where a good quality map or set of weights is lacking. Alternatively
weighted multigrid approaches have been proposed [Pritt, 1996], where the
challenge lies in identifying the appropriate weights at coarser grids. This
algorithm can be 25 times faster than the PCG method.
Considering p = 1 in Equation A.6, an approach to PU based on net-
work programming (originally by Flynn [1997] and formalised by Costantini
[1998]), provides an efficient tool for a global minimization solution under
the L1-norm. This approach, established as the Minimum Cost Flow (MCF)
method, the PU problem is equated to a general network flow problem, al-
lowing the use of powerful techniques developed for network optimization.
A step further is achieved by Chen and Zebker [2000] offering the SNAPHU1
software that is an implementation of the statistical-cost, network-flow al-
gorithm for PU. This algorithm poses 2D PU as a maximum a posteriori
probability estimation problem, the objective of which is to compute the
most likely unwrapped solution given the observable input data.
Finally, it should be mentioned that a comparative analysis for the per-
formance of some of the above mentioned techniques, both in terms of the-
matic accuracy and computational efficiency, is included in the correspond-
1http://www.stanford.edu/group/radar/softwareandlinks/sw/snaphu/
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ing work by Ghiglia and Pritt [1998], since more details are outside the scope
of this thesis.
AppendixB
Applications based on spectral shift
Spectral filtering is applied to deal with baseline and azimuth decorrela-
tion discussed in Section 2.2.3. This Annex presents a signal processing
approach for avoiding this coherence degradation factor. Moreover the po-
tential applications emerging from this sensor diversity (different viewing
angles) topology are mentioned.
B.1 Improving interferogram quality
Geometric decorrelation affects interferogram quality and is a dominant
degradation factor in InSAR. It does not imply any spatial resolution loss
in the interferometric signal but significant noise-like contributions appear
in the final interferometric product. Concerning baseline decorrelation, it
arises from the fact that the spectra of the echo signals from the two sensors
correspond to different bands of the ground reflectivity spectrum.
B.1.1 Range Common Band filtering
This unwelcome cross-correlation effect of the disjoint parts of the spectrum
can be eliminated by filtering them out and keeping only the spectrum
portion which corresponds to the same ground reflectivity contribution. This
procedure is called Common Band (CB) filtering and induces an inherent
range resolution degradation.
The misalignment of the spectra of the two SAR images (the wavenum-
ber shift principle [Gatelli et al., 1994]) obtained from slightly different look
angles is characterized by the spectral shift, defined in Equation 2.16. Know-
ing this quantity, one can identify the common parts of the spectrum and
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filter them accordingly. It should be noticed though, that ∆fs is depen-
dent on incidence angle θ. This implies that the spectral shift, under the
assumption of flat ground, is larger in near range than in the far range of
the scene. Guarnieri and Prati [1999] states that ∆fs has a linear range
variation, mainly dependent on the perpendicular baseline ⊥. For a typical
ERS-1,2 geometry, the total spectral shift variation over a 40 km swath is
∼ ∆fs/3. This term becomes significant for larger baselines, e.g. a baseline
of 600 m gives a spectral shift of 9±3 MHz at the edges of the swath. Thus
performing CB filtering using just ∆fs = constant, with θ = θ0 in mid-
swath and ψs = 0
◦ (flat earth model), will lead to filtering out correlated
spectrum parts and allowing in disjoint components.
Moreover, the local slope ψs should be taken into account. Otherwise,
for non-planar topography, CB filtering may lead to resolution losses and
decorrelation when applied to regions where topography has significant ex-
cursions. Thus, a more accurate approach must be adopted to account for
the geometrical variability of the spectral shift.
B.1.2 Range Space varying filters
Considering the spectral shift variation with range, Tao et al. [2004] suggest
that CB filtering must be performed twice: once before fine co-registration
and once after. In the first filter, the common bandwidth of the filter will be
B −∆fsr , where ∆fsr is the minimum range spectral shift for flat terrain.
This will improve the co-registration quality. After fine co-registration a
second common low pass filter is applied, with bandwidth B −∆fsr , ∆fsr
being the mean spectral shift in the scene.
For optimal CB filtering though, a range and slope adaptive method
must be applied [Bamler and Davidson, 1997]. This requires knowledge of
the local spectral shift in each range bin of the image. For this scope, a
very useful tool arises from the local fringe frequency derivation [Bamler
and Hartl, 1998]:
fφ =
1
2pi
∂φ
∂R
= − cB⊥
λR2 tan(θ − ψs) = ∆fs (B.1)
It can be observed from Equation 2.16 that the local fringe frequency is
equal to the local spectral shift. Thus, the unwrapped topographic interfero-
metric phase can be used to identify the essential parameters for CB filtering
[Guillaso et al., 2006]. The procedure is as follows: firstly an interferogram
is generated without compensating for the topographic contribution. Inter-
ferometry must be performed in multi-looked SAR SLC images to increase
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SNR and hence predict more accurately the local fringe frequency. Then,
the interferogram is unwrapped using one of the established methods (e.g.
use the snaphu software tool), providing the coarse phase. Subsequently the
complex SAR images are multiplied by complex exponentials of the coarse
phase. This operation performs a spatially varying range frequency shift of
the images, such that spectral components in each image are shifted accord-
ing to the local (slope dependent) wavenumber shift [Davidson and Bamler,
1999]. After this procedure, the ground reflectivity spectra are aligned. Be-
cause of this alignment it is now possible to apply a simple low pass filter,
implemented in the frequency domain, and remove the uncorrelated parts
of the spectrum. Finally, an optional last stage is to add half of the coarse
phase back to the two SAR images by a complex multiplication so that when
the interferogram is formed again, it will be already compensated for the
coarse topographic contribution.
It should be mentioned that the above technique ensures that no uncor-
related spectrum between the two SAR images will exist after CB filtering.
But there is a trade-off as the low pass filtering induces resolution degrada-
tion. Usually the ground range spectrum in near range is smaller than the
one in far range. Since the filter is common for all range bins with band-
width, the image resolution will be limited by the common band extent in
near range. On the other side of the swath, useful correlated parts of the
ground reflectivity spectrum will be discarded, degrading unnecessarily the
interferometer’s performance.
A more sophisticated approach is presented by Reigber [1999], where a
new processing step is introduced after the space variant frequency shift and
before CB filtering. This step refers applies weights to the image spectra, so
that for every range bin the corresponding spectra will have the same extent.
This basically implies the stretching of the spectrum according to the local
frequency shift. A suitable stretching of the spectra can be achieved by
changing the pixel spacing of both SLC SAR images by the following range
dependent resampling function [Reigber, 1999]:
∆r(R) = ∆r0
B −∆f
B −∆f(R) (B.2)
where ∆r(R) denotes the new pixel spacing, ∆r0 is the original constant
pixel spacing, B the system bandwidth and ∆f is the average value of the
spectral shift. Now the spectra in each range bin, and for both SAR images,
have the same extent. A low pass filtering with bandwidth B−∆f achieves
the desired range adaptive filtering effect. Finally, after this operation it
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is necessary to apply an inverse resampling to restore the original image
geometry. This methodology is preferable since it avoids both coherence
degradation and resolution deterioration.
In literature, other filtering methodologies have been proposed to deal
with baseline decorrelation and are briefly outlined here for the sake of
completeness. In Ren et al. [2004] a simple signal processing procedure is
presented, with the assumption that the local spectral shift ∆fs is known.
A more generalized procedure is described by Fornaro and Guarnieri [2002].
The filtering process is formulated as a minimum square error estimation
problem and this leads to the design of space varying linear filters in range.
This filtering procedure was derived by essentially extending the methodol-
ogy proposed by Davidson and Bamler [1999] to the space variant case.
B.1.3 Azimuth filtering
As discussed in Section 2.2.3, azimuth decorrelation occurs when the az-
imuth Doppler spectra of the two satellite passes do not have sufficient over-
lap, i.e. the two surveys are imaged under different squint angles. There-
fore, in order to avoid Doppler decorrelation, these non-correlated parts of
the azimuth spectrum must be removed, following a concept similar to the
CB range filtering. For interferometry with SAR raw datasets, this can be
done by imaging (in the focusing algorithm) the two sets with the mean
Doppler frequency. The filters required are band pass, centered in the aver-
age Doppler frequency fc(r):
fc(r) =
fDCM (r) + fDCS (r)
2
(B.3)
where fDCM (r) and fDCS (r) are the Doppler Centroid frequencies for the
Master and Slave scenes respectively, and depend on the range, as inferred
from Equation 2.4. Local azimuth terrain slope variation ψa is assumed not
to play any vital role in this scenario.
A procedure to employ CB filtering in order to eliminated the non-
overlapping parts of the azimuth spectrum, was proposed by Swart [2000].
The basic idea is to implement appropriate filters to the SLC images forming
the interferometric pair, aiming at equalizing their corresponding spectra:
W (f − fDC1) · F1(f) = W (f − fDC2) · F2(f) = H(f) (B.4)
where W is azimuth spectra. Without having to know H(f), the filter
functions can be derived. Equation B.4 is satisfied if the filter transfer
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functions are:
F1(f) =
√
W (f − fDC2)
W (f − fDC1)
, F2(f) =
√
W (f − fDC1)
W (f − fDC2)
(B.5)
consequently:
H(f) =
√
W (f − fDC1) ·W (f − fDC2) (B.6)
The azimuth CB concept above was implemented on real ERS-2 data,
acquired over Athens metropolitan area, by taking into account the range
variance of the Doppler centroid. Figure B.1 shows a Graphic User Interface
that was developed in the Matlab environment.
Figure B.1: Graphical User Interface for range dependent azimuth
Common Band filtering.
The interface allows the user to select the Master and Slave SLC im-
ages that will form the interferometric pair, and provides tools for cropping
the scenes to an AOI. Additionally, an estimate of the rough Doppler Cen-
troid frequencies (usually found in the metadata of the raw imagery) can
be provided. Finally, exporting functionalities along with saving/loading
of the filtering parameters are available. In this implementation, the range
dependent CB azimuth filtering contains the following processing steps:
1. Plotting of azimuth spectra and estimation of spectral envelope (Fig-
ure B.2). Several range columns (usually 256) in the SLC Master
image are averaged to remove noise effects and ease the estimation of
the enveloped in a fully automatic approach.
2. Estimation of the Doppler Centroid (Figure B.3). Using the average
azimuth spectrum for a specific block of range lines, a section of the
204 Appendix B. Applications based on spectral shift
Figure B.2: (left) Averaged azimuth spectrum and (right) fitted ‘noise-
less’ curve.
spectrum is selected that corresponds to the region with the maximum
normalised magnitude. Since there is no a-priori knowledge on the
location of this maximum region, the fDC rough estimate parameter
is crucial.
Figure B.3: Estimation of the Doppler Centroid from the azimuth spec-
trum data.
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Using this sub-region, a second degree polynomial is fitted to the data
and then the estimation of actual, data driven, fDC is straightforward.
For every range block available, a different fDC is estimated.
3. Interpolation of fDC for every R. Following the estimation of fDC
for certain range blocks, interpolation is used for retrieving Doppler
Centroid as a continuous function of slant range.
4. Steps 1-3 are repeated for the Slave SLC image. Figure B.4 shows
two examples where Doppler Centroid have different range dependence
characteristics.
Figure B.4: Doppler Centroid variance with range. (left) linear and
(right) splines interpolation used for Master and Slave scenes respec-
tively, to fit the data and generate fDC as a function of range.
5. Using Equations B.4 and B.6, and the range dependent fDC , esti-
mated from the data, CB filtering is performed. Figure B.5 shows
the frequency response of the two filters (Equation B.5) that were ap-
plied to the azimuth spectra SAR 1 and SAR 2, leading to a common
bandwidth.
In an above approach, the filters were designed using only the data and
did not assume any strict model for the amplitude envelope. Ren et al.
[2004], alternatively proposes that the implementation of the azimuth CB
filtering should include compensation for the antenna pattern sidelobes and
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Figure B.5: Azimuth Common Band filtering, using Equations B.4
and B.6, and the range dependent fDC estimated from the data.
a spectral window. The required space varying filter is given by:
Wi{f(r)} =
(
0.75 + 0.25 cos
(
2pi
f(r)− fDC,i(r)
PRF
))
·
sinc2
(
f(r)− fDC,i(r)
fDop
)
· rect
(
f(r)− fDC,i(r)
PRF
) (B.7)
where the antenna pattern is taken into account via the sinc function. For
i = 1 reference is made to the Master image, while for i = 2 to the Slave.
fDop is a Doppler bandwidth parameter related to the beam angle of the il-
lumination pattern. For ERS sensor fDop = 1505 Hz. It must be mentioned,
however, that as in the case of raw data, the filtering procedure depends of
the Doppler Centroid, which is range variant. It can be calculated over a
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strip of SLC data, small in range but wide in azimuth as in the approach
above.
B.2 Super-resolution
In Section B.1 it was shown that the image spectra of two SAR surveys
contain different parts of the ground reflectivity spectrum. The goal was
then to eliminate the uncorrelated portions and keep the common to both
images spectrum, in order to increase interferometric quality.
If interferometry is not the intended application, then the spectral shift
principle can be used for improving SAR range resolution. The basic prin-
ciple is that when the same target is imaged from different view angles, all
views can be combined to get an image at an enhanced resolution.
Due to the spectral shift principle in Equation 2.16, the combined re-
flectivity spectrum sensed in separate surveys is larger than that of a single
survey. Therefore, across-track resolution can be improved by shifting in
frequency and in phase one signal to respect to the other and then adding
the two [Gatelli et al., 1994]. The new ground resolution will be [Guillaso
et al., 2006]:
∆Rs =
c
2(B + ∆fs)
(B.8)
In order to get the best possible improvement, the spectral overlap of
the two images should be close to zero. This means that the perpendicular
baseline would be close to the critical one (Equation 2.18), which leads to
total decorrelation for interferometric applications.
B.3 Interferometric quick-look
The interferometric quick look processor is intended to get medium resolu-
tion interferometric products, by halving the data rate with only a moderate
loss in the final quality. The major gain in efficiency is achieved by perform-
ing as a first step a range presuming procedure, i.e. a bandpass filtering and
sub-sampling by a factor of two, in which the central frequency of bandpass
filters is tuned to the range variant local spectral shift contribution of flat
earth (local slope ψs is not taken into account) [Guarnieri and Prati, 1999]
B.4 Baseline decorrelation vs. local ground slope
It is interesting to examine more thoroughly Equation 2.16 with respect
to the ground slope ψs. It can be observed that as ψs approaches θ, then
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∆fs → ∞ and the spectra become totally disjoint. These are the blind
angles. If ψs increases (layover) then the absolute value of ∆fs decreases,
but the sign is changed. As a consequence, negative and positive values
frequencies of the interferogram spectrum refer to areas of layover and non-
layover [Gatelli et al., 1994], and therefore they can be separated. Finally,
if ψs < θ− 90◦, then ∆fs → 0 independently of the perpendicular baselines
(the shadow effect). The above are presented in the next figure.
A more empiric approach for determining areas where baseline decorre-
lation occurs is presented by Lee and Liu [2001]. The basic concept is to
create a ratio of two coherence images, using three SAR images as follows:
ηtotal =
coherence on large ∆T and short B⊥
coherence on short ∆T and long B⊥
(B.9)
where ∆T is the temporal baseline of two SAR scenes. Bearing in mind
that the coherence can be separated into two independent contributions as
in Equation 2.28, it is:
ηtotal = ηtemporal · ηspatial (B.10)
The numerator in Equation B.10 as far as temporal decorrelation is con-
cerned will be greater than the denominator because temporal change is
an accumulating process, leading to ηtemporal < 1. On the contrary, since
B⊥short < B⊥long then ηspatial  1 due to the spectral shift principle, leading
to ηtotal  1. Therefore, if the perpendicular baseline of the long temporal
separation coherence image is shorter than that of the short temporal co-
herence image, the abnormally bright features in the ratio coherence image
provide an identification of topographic decorrelation along the radar-facing
slopes, in comparison with the dark temporal decorrelation features [Lee and
Liu, 1999]. In summary, by appropriate selection of two coherence images,
and forming their ratio, one can discriminate the temporal decorrelation ar-
eas from the ones where baseline decorrelation is the dominant mechanism.
AppendixC
Small baseline interferometric pairs
This section presents the details for the SBAS interferometric pairs that
were processed in Chapter 4. Information on all six stacks are included.
Table C.1: SBAS interferometric pairs for stack I
No Master date Slave date ∆T (days)1 B⊥(m)2
1 18-May-1992 22-Jun-1992 -35 -199
2 18-May-1992 12-Jul-1993 -420 -243
3 22-Jun-1992 12-Jul-1993 -385 -44
4 27-Jul-1992 31-Aug-1992 -35 -14
5 27-Jul-1992 05-Oct-1992 -70 361
6 27-Jul-1992 09-Nov-1992 -105 103
7 27-Jul-1992 14-Dec-1992 -140 -20
8 27-Jul-1992 03-May-1993 -280 317
9 27-Jul-1992 20-Sep-1993 -420 318
10 31-Aug-1992 05-Oct-1992 -35 375
11 31-Aug-1992 09-Nov-1992 -70 117
12 31-Aug-1992 14-Dec-1992 -105 -7
13 31-Aug-1992 03-May-1993 -245 330
14 31-Aug-1992 20-Sep-1993 -385 331
15 05-Oct-1992 09-Nov-1992 -35 -258
16 05-Oct-1992 14-Dec-1992 -70 -382
17 05-Oct-1992 03-May-1993 -210 -45
18 05-Oct-1992 20-Sep-1993 -350 -44
19 05-Oct-1992 29-Nov-1993 -420 112
20 09-Nov-1992 14-Dec-1992 -35 -124
Continued on next page
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Table C.1 (continued)
No Master date Slave date ∆T (days) B⊥(m)
21 09-Nov-1992 03-May-1993 -175 213
22 09-Nov-1992 20-Sep-1993 -315 214
23 09-Nov-1992 29-Nov-1993 -385 370
24 14-Dec-1992 03-May-1993 -140 337
25 14-Dec-1992 20-Sep-1993 -280 338
26 03-May-1993 20-Sep-1993 -140 1
27 03-May-1993 29-Nov-1993 -210 156
28 12-Jul-1993 06-Jul-1995 -724 225
29 20-Sep-1993 29-Nov-1993 -70 156
30 20-Sep-1993 27-Dec-1995 -828 9
31 29-Nov-1993 18-Oct-1995 -688 87
32 29-Nov-1993 27-Dec-1995 -758 -147
33 26-Apr-1995 31-May-1995 -35 371
34 26-Apr-1995 06-Jul-1995 -71 -245
35 26-Apr-1995 10-Aug-1995 -106 506
36 26-Apr-1995 13-Sep-1995 -140 -296
37 26-Apr-1995 14-Sep-1995 -141 -213
38 26-Apr-1995 20-Jun-1996 -421 207
39 26-Apr-1995 29-Aug-1996 -491 -270
40 26-Apr-1995 03-Oct-1996 -526 137
41 26-Apr-1995 12-Dec-1996 -596 -37
42 26-Apr-1995 20-Feb-1997 -666 119
43 31-May-1995 10-Aug-1995 -71 136
44 31-May-1995 28-Dec-1995 -211 373
45 31-May-1995 15-May-1996 -350 332
46 31-May-1995 16-May-1996 -351 204
47 31-May-1995 20-Jun-1996 -386 -164
48 31-May-1995 03-Oct-1996 -491 -233
49 31-May-1995 20-Feb-1997 -631 -252
50 31-May-1995 27-Mar-1997 -666 221
51 06-Jul-1995 13-Sep-1995 -69 -51
52 06-Jul-1995 14-Sep-1995 -70 32
53 06-Jul-1995 20-Jun-1996 -350 452
54 06-Jul-1995 29-Aug-1996 -420 -25
55 06-Jul-1995 03-Oct-1996 -455 382
56 06-Jul-1995 12-Dec-1996 -525 208
57 10-Aug-1995 27-Dec-1995 -139 504
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Table C.1 (continued)
No Master date Slave date ∆T (days) B⊥(m)
58 10-Aug-1995 28-Dec-1995 -140 237
59 10-Aug-1995 06-Mar-1996 -209 426
60 10-Aug-1995 15-May-1996 -279 196
61 10-Aug-1995 16-May-1996 -280 69
62 10-Aug-1995 20-Jun-1996 -315 -300
63 10-Aug-1995 03-Oct-1996 -420 -369
64 10-Aug-1995 27-Mar-1997 -595 85
65 13-Sep-1995 14-Sep-1995 -1 83
66 13-Sep-1995 29-Aug-1996 -351 26
67 13-Sep-1995 03-Oct-1996 -386 433
68 13-Sep-1995 12-Dec-1996 -456 259
69 14-Sep-1995 20-Jun-1996 -280 420
70 14-Sep-1995 29-Aug-1996 -350 -57
71 14-Sep-1995 03-Oct-1996 -385 350
72 14-Sep-1995 12-Dec-1996 -455 176
73 14-Sep-1995 20-Feb-1997 -525 332
74 18-Oct-1995 19-Oct-1995 -1 204
75 18-Oct-1995 27-Dec-1995 -70 -234
76 18-Oct-1995 28-Dec-1995 -71 -501
77 18-Oct-1995 06-Mar-1996 -140 -312
78 18-Oct-1995 07-Nov-1996 -386 273
79 19-Oct-1995 27-Dec-1995 -69 -438
80 19-Oct-1995 06-Mar-1996 -139 -516
81 19-Oct-1995 07-Nov-1996 -385 70
82 27-Dec-1995 28-Dec-1995 -1 -267
83 27-Dec-1995 06-Mar-1996 -70 -79
84 27-Dec-1995 15-May-1996 -140 -308
85 27-Dec-1995 16-May-1996 -141 -436
86 28-Dec-1995 06-Mar-1996 -69 188
87 28-Dec-1995 15-May-1996 -139 -41
88 28-Dec-1995 16-May-1996 -140 -169
89 28-Dec-1995 27-Mar-1997 -455 -152
90 28-Dec-1995 27-Nov-1997 -700 -105
91 06-Mar-1996 15-May-1996 -70 -230
92 06-Mar-1996 16-May-1996 -71 -357
93 06-Mar-1996 27-Mar-1997 -386 -340
94 06-Mar-1996 27-Nov-1997 -631 -294
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Table C.1 (continued)
No Master date Slave date ∆T (days) B⊥(m)
95 15-May-1996 16-May-1996 -1 -127
96 15-May-1996 20-Jun-1996 -36 -495
97 15-May-1996 27-Mar-1997 -316 -111
98 15-May-1996 27-Nov-1997 -561 -64
99 16-May-1996 20-Jun-1996 -35 -368
100 16-May-1996 03-Oct-1996 -140 -438
101 16-May-1996 20-Feb-1997 -280 -456
102 16-May-1996 27-Mar-1997 -315 17
103 16-May-1996 27-Nov-1997 -560 63
104 16-May-1996 03-Sep-1998 -840 -19
105 20-Jun-1996 29-Aug-1996 -70 -477
106 20-Jun-1996 03-Oct-1996 -105 -70
107 20-Jun-1996 12-Dec-1996 -175 -244
108 20-Jun-1996 20-Feb-1997 -245 -88
109 20-Jun-1996 27-Mar-1997 -280 385
110 29-Aug-1996 03-Oct-1996 -35 407
111 29-Aug-1996 12-Dec-1996 -105 233
112 29-Aug-1996 20-Feb-1997 -175 389
113 29-Aug-1996 17-Dec-1998 -840 64
114 03-Oct-1996 12-Dec-1996 -70 -174
115 03-Oct-1996 20-Feb-1997 -140 -18
116 03-Oct-1996 27-Mar-1997 -175 454
117 03-Oct-1996 30-Jul-1998 -665 265
118 07-Nov-1996 19-Aug-1999 -1015 95
119 12-Dec-1996 20-Feb-1997 -70 156
120 12-Dec-1996 17-Dec-1998 -735 -169
121 20-Feb-1997 27-Mar-1997 -35 473
122 20-Feb-1997 30-Jul-1998 -525 283
123 27-Mar-1997 27-Nov-1997 -245 47
124 27-Mar-1997 30-Jul-1998 -490 -189
125 27-Mar-1997 03-Sep-1998 -525 -35
126 27-Mar-1997 15-Jul-1999 -840 75
127 27-Nov-1997 30-Jul-1998 -245 -236
128 27-Nov-1997 03-Sep-1998 -280 -82
129 27-Nov-1997 15-Jul-1999 -595 28
130 30-Jul-1998 03-Sep-1998 -35 154
131 30-Jul-1998 15-Jul-1999 -350 264
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Table C.1 (continued)
No Master date Slave date ∆T (days) B⊥(m)
132 03-Sep-1998 15-Jul-1999 -315 110
Table C.2: SBAS interferometric pairs for stack II
No Master date Slave date ∆T (days) B⊥(m)
1 25-Nov-1992 10-Nov-1993 -350 -449
2 30-Dec-1992 23-Jun-1993 -175 405
3 23-Jun-1993 10-Nov-1993 -140 87
4 23-Jun-1993 16-Jun-1995 -723 -84
5 23-Jun-1993 25-Aug-1995 -793 -1
6 10-Nov-1993 16-Jun-1995 -583 -171
7 10-Nov-1993 21-Jul-1995 -618 90
8 10-Nov-1993 22-Jul-1995 -619 73
9 10-Nov-1993 25-Aug-1995 -653 -88
10 10-Nov-1993 26-Aug-1995 -654 -164
11 10-Nov-1993 13-Jan-1996 -794 -26
12 16-Jun-1995 21-Jul-1995 -35 261
13 16-Jun-1995 22-Jul-1995 -36 244
14 16-Jun-1995 25-Aug-1995 -70 83
15 16-Jun-1995 26-Aug-1995 -71 8
16 16-Jun-1995 29-Sep-1995 -105 425
17 16-Jun-1995 08-Dec-1995 -175 425
18 16-Jun-1995 09-Dec-1995 -176 280
19 16-Jun-1995 12-Jan-1996 -210 237
20 16-Jun-1995 13-Jan-1996 -211 145
21 16-Jun-1995 10-Aug-1996 -421 100
22 21-Jul-1995 22-Jul-1995 -1 -17
23 21-Jul-1995 25-Aug-1995 -35 -179
24 21-Jul-1995 26-Aug-1995 -36 -254
25 21-Jul-1995 29-Sep-1995 -70 164
26 21-Jul-1995 04-Nov-1995 -106 416
27 21-Jul-1995 08-Dec-1995 -140 164
28 21-Jul-1995 09-Dec-1995 -141 19
29 21-Jul-1995 12-Jan-1996 -175 -25
Continued on next page
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Table C.2 (continued)
No Master date Slave date ∆T (days) B⊥(m)
30 21-Jul-1995 13-Jan-1996 -176 -117
31 21-Jul-1995 06-Jul-1996 -351 246
32 21-Jul-1995 10-Aug-1996 -386 -162
33 22-Jul-1995 25-Aug-1995 -34 -162
34 22-Jul-1995 26-Aug-1995 -35 -237
35 22-Jul-1995 29-Sep-1995 -69 181
36 22-Jul-1995 04-Nov-1995 -105 433
37 22-Jul-1995 08-Dec-1995 -139 181
38 22-Jul-1995 09-Dec-1995 -140 36
39 22-Jul-1995 12-Jan-1996 -174 -8
40 22-Jul-1995 13-Jan-1996 -175 -100
41 22-Jul-1995 06-Jul-1996 -350 263
42 22-Jul-1995 10-Aug-1996 -385 -145
43 25-Aug-1995 26-Aug-1995 -1 -75
44 25-Aug-1995 29-Sep-1995 -35 342
45 25-Aug-1995 08-Dec-1995 -105 343
46 25-Aug-1995 09-Dec-1995 -106 197
47 25-Aug-1995 12-Jan-1996 -140 154
48 25-Aug-1995 13-Jan-1996 -141 62
49 25-Aug-1995 10-Aug-1996 -351 17
50 26-Aug-1995 29-Sep-1995 -34 417
51 26-Aug-1995 08-Dec-1995 -104 418
52 26-Aug-1995 09-Dec-1995 -105 273
53 26-Aug-1995 12-Jan-1996 -139 229
54 26-Aug-1995 13-Jan-1996 -140 137
55 26-Aug-1995 10-Aug-1996 -350 92
56 29-Sep-1995 30-Sep-1995 -1 416
57 29-Sep-1995 03-Nov-1995 -35 420
58 29-Sep-1995 04-Nov-1995 -36 252
59 29-Sep-1995 08-Dec-1995 -70 0
60 29-Sep-1995 09-Dec-1995 -71 -145
61 29-Sep-1995 12-Jan-1996 -105 -188
62 29-Sep-1995 13-Jan-1996 -106 -280
63 29-Sep-1995 06-Jul-1996 -281 83
64 29-Sep-1995 10-Aug-1996 -316 -325
65 29-Sep-1995 19-Oct-1996 -386 263
66 30-Sep-1995 03-Nov-1995 -34 4
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Table C.2 (continued)
No Master date Slave date ∆T (days) B⊥(m)
67 30-Sep-1995 04-Nov-1995 -35 -164
68 30-Sep-1995 08-Dec-1995 -69 -416
69 30-Sep-1995 06-Jul-1996 -280 -333
70 30-Sep-1995 19-Oct-1996 -385 -153
71 03-Nov-1995 04-Nov-1995 -1 -167
72 03-Nov-1995 08-Dec-1995 -35 -419
73 03-Nov-1995 06-Jul-1996 -246 -337
74 03-Nov-1995 19-Oct-1996 -351 -156
75 04-Nov-1995 08-Dec-1995 -34 -252
76 04-Nov-1995 09-Dec-1995 -35 -397
77 04-Nov-1995 12-Jan-1996 -69 -440
78 04-Nov-1995 06-Jul-1996 -245 -170
79 04-Nov-1995 19-Oct-1996 -350 11
80 08-Dec-1995 09-Dec-1995 -1 -145
81 08-Dec-1995 12-Jan-1996 -35 -189
82 08-Dec-1995 13-Jan-1996 -36 -281
83 08-Dec-1995 06-Jul-1996 -211 82
84 08-Dec-1995 10-Aug-1996 -246 -326
85 08-Dec-1995 19-Oct-1996 -316 263
86 09-Dec-1995 12-Jan-1996 -34 -43
87 09-Dec-1995 13-Jan-1996 -35 -135
88 09-Dec-1995 06-Jul-1996 -210 228
89 09-Dec-1995 10-Aug-1996 -245 -180
90 09-Dec-1995 19-Oct-1996 -315 408
91 12-Jan-1996 13-Jan-1996 -1 -92
92 12-Jan-1996 06-Jul-1996 -176 271
93 12-Jan-1996 10-Aug-1996 -211 -137
94 13-Jan-1996 06-Jul-1996 -175 363
95 13-Jan-1996 10-Aug-1996 -210 -45
96 22-Mar-1996 13-Dec-1997 -631 509
97 06-Jul-1996 10-Aug-1996 -35 -408
98 06-Jul-1996 19-Oct-1996 -105 181
99 10-Aug-1996 15-Aug-1998 -735 -29
100 10-Aug-1996 24-Oct-1998 -805 21
101 13-Dec-1997 19-Sep-1998 -280 11
102 13-Dec-1997 06-Feb-1999 -420 352
103 15-Aug-1998 19-Sep-1998 -35 -459
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Table C.2 (continued)
No Master date Slave date ∆T (days) B⊥(m)
104 15-Aug-1998 24-Oct-1998 -70 50
105 15-Aug-1998 28-Nov-1998 -105 -38
106 15-Aug-1998 06-Feb-1999 -175 -118
107 15-Aug-1998 22-May-1999 -280 -30
108 15-Aug-1998 26-Jun-1999 -315 395
109 19-Sep-1998 24-Oct-1998 -35 510
110 19-Sep-1998 28-Nov-1998 -70 422
111 19-Sep-1998 06-Feb-1999 -140 341
112 19-Sep-1998 22-May-1999 -245 430
113 24-Oct-1998 28-Nov-1998 -35 -88
114 24-Oct-1998 06-Feb-1999 -105 -169
115 24-Oct-1998 22-May-1999 -210 -80
116 24-Oct-1998 26-Jun-1999 -245 345
117 24-Oct-1998 31-Jul-1999 -280 342
118 28-Nov-1998 06-Feb-1999 -70 -81
119 28-Nov-1998 22-May-1999 -175 8
120 28-Nov-1998 26-Jun-1999 -210 433
121 28-Nov-1998 31-Jul-1999 -245 430
122 06-Feb-1999 22-May-1999 -105 89
123 22-May-1999 26-Jun-1999 -35 425
124 22-May-1999 31-Jul-1999 -70 422
125 26-Jun-1999 31-Jul-1999 -35 -3
Table C.3: SBAS interferometric pairs for stack III
No Master date Slave date ∆T (days) B⊥(m)
1 01-Jul-1992 12-May-1993 -315 -326
2 01-Jul-1992 16-Jun-1993 -350 -543
3 01-Jul-1992 21-Jul-1993 -385 -311
4 01-Jul-1992 31-Mar-1995 -1003 -90
5 12-May-1993 16-Jun-1993 -35 -217
6 12-May-1993 21-Jul-1993 -70 15
7 12-May-1993 31-Mar-1995 -688 236
8 16-Jun-1993 21-Jul-1993 -35 233
9 16-Jun-1993 31-Mar-1995 -653 453
10 21-Jul-1993 31-Mar-1995 -618 221
11 31-Mar-1995 14-Jul-1995 -105 323
Continued on next page
217
Table C.3 (continued)
No Master date Slave date ∆T (days) B⊥(m)
12 31-Mar-1995 15-Jul-1995 -106 342
13 31-Mar-1995 24-May-1996 -420 459
14 31-Mar-1995 25-May-1996 -421 541
15 31-Mar-1995 05-Apr-1997 -736 237
16 31-Mar-1995 14-Jun-1997 -806 171
17 14-Jul-1995 15-Jul-1995 -1 19
18 14-Jul-1995 24-May-1996 -315 136
19 14-Jul-1995 25-May-1996 -316 218
20 14-Jul-1995 05-Apr-1997 -631 -86
21 14-Jul-1995 14-Jun-1997 -701 -152
22 14-Jul-1995 23-Aug-1997 -771 59
23 15-Jul-1995 24-May-1996 -314 117
24 15-Jul-1995 25-May-1996 -315 199
25 15-Jul-1995 05-Apr-1997 -630 -105
26 15-Jul-1995 14-Jun-1997 -700 -171
27 15-Jul-1995 23-Aug-1997 -770 40
28 24-May-1996 25-May-1996 -1 82
29 24-May-1996 05-Apr-1997 -316 -222
30 24-May-1996 14-Jun-1997 -386 -288
31 24-May-1996 23-Aug-1997 -456 -77
32 25-May-1996 05-Apr-1997 -315 -304
33 25-May-1996 14-Jun-1997 -385 -370
34 25-May-1996 23-Aug-1997 -455 -159
35 05-Apr-1997 14-Jun-1997 -70 -66
36 05-Apr-1997 23-Aug-1997 -140 145
37 05-Apr-1997 26-Dec-1998 -630 -203
38 05-Apr-1997 06-Mar-1999 -700 -61
39 05-Apr-1997 15-May-1999 -770 -193
40 05-Apr-1997 24-Jul-1999 -840 -140
41 14-Jun-1997 23-Aug-1997 -70 211
42 14-Jun-1997 26-Dec-1998 -560 -137
43 14-Jun-1997 06-Mar-1999 -630 5
44 14-Jun-1997 15-May-1999 -700 -127
45 14-Jun-1997 24-Jul-1999 -770 -74
46 23-Aug-1997 26-Dec-1998 -490 -348
47 23-Aug-1997 06-Mar-1999 -560 -206
48 23-Aug-1997 15-May-1999 -630 -338
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Table C.3 (continued)
No Master date Slave date ∆T (days) B⊥(m)
49 23-Aug-1997 19-Jun-1999 -665 462
50 23-Aug-1997 24-Jul-1999 -700 -284
51 17-Oct-1998 19-Jun-1999 -245 -323
52 26-Dec-1998 06-Mar-1999 -70 142
53 26-Dec-1998 15-May-1999 -140 11
54 26-Dec-1998 24-Jul-1999 -210 64
55 06-Mar-1999 15-May-1999 -70 -131
56 06-Mar-1999 19-Jun-1999 -105 668
57 06-Mar-1999 24-Jul-1999 -140 -78
58 15-May-1999 24-Jul-1999 -70 53
Table C.4: SBAS interferometric pairs for stack IV
No Master date Slave date ∆T (days) B⊥(m)
1 10-Apr-2003 19-Jun-2003 -70 -358
2 10-Apr-2003 15-Jan-2004 -280 -166
3 10-Apr-2003 03-Jun-2004 -420 218
4 10-Apr-2003 08-Jul-2004 -455 -537
5 10-Apr-2003 21-Oct-2004 -560 411
6 10-Apr-2003 14-Apr-2005 -735 -55
7 10-Apr-2003 28-Jul-2005 -840 75
8 19-Jun-2003 15-Jan-2004 -210 192
9 19-Jun-2003 03-Jun-2004 -350 577
10 19-Jun-2003 08-Jul-2004 -385 -178
11 19-Jun-2003 03-Feb-2005 -595 -142
12 19-Jun-2003 14-Apr-2005 -665 303
13 06-Nov-2003 08-Jul-2004 -245 676
14 06-Nov-2003 19-Jan-2006 -805 -59
15 15-Jan-2004 03-Jun-2004 -140 385
16 15-Jan-2004 08-Jul-2004 -175 -370
17 15-Jan-2004 21-Oct-2004 -280 577
18 15-Jan-2004 03-Feb-2005 -385 -334
19 15-Jan-2004 14-Apr-2005 -455 111
20 15-Jan-2004 28-Jul-2005 -560 241
21 15-Jan-2004 10-Nov-2005 -665 477
22 15-Jan-2004 23-Feb-2006 -770 -374
23 03-Jun-2004 21-Oct-2004 -140 193
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Table C.4 (continued)
No Master date Slave date ∆T (days) B⊥(m)
24 03-Jun-2004 14-Apr-2005 -315 -274
25 03-Jun-2004 28-Jul-2005 -420 -144
26 03-Jun-2004 10-Nov-2005 -525 93
27 08-Jul-2004 03-Feb-2005 -210 36
28 08-Jul-2004 14-Apr-2005 -280 481
29 08-Jul-2004 28-Jul-2005 -385 611
30 08-Jul-2004 23-Feb-2006 -595 -4
31 08-Jul-2004 08-Feb-2007 -945 102
32 21-Oct-2004 14-Apr-2005 -175 -466
33 21-Oct-2004 28-Jul-2005 -280 -337
34 21-Oct-2004 10-Nov-2005 -385 -100
35 03-Feb-2005 14-Apr-2005 -70 445
36 03-Feb-2005 28-Jul-2005 -175 575
37 03-Feb-2005 23-Feb-2006 -385 -40
38 03-Feb-2005 08-Feb-2007 -735 65
39 14-Apr-2005 28-Jul-2005 -105 130
40 14-Apr-2005 10-Nov-2005 -210 366
41 14-Apr-2005 23-Feb-2006 -315 -485
42 14-Apr-2005 08-Feb-2007 -665 -380
43 28-Jul-2005 10-Nov-2005 -105 237
44 28-Jul-2005 23-Feb-2006 -210 -615
45 28-Jul-2005 08-Feb-2007 -560 -509
46 19-Jan-2006 23-Feb-2006 -35 732
47 23-Feb-2006 08-Feb-2007 -350 105
48 08-Feb-2007 12-Feb-2009 -735 118
49 12-Feb-2009 04-Mar-2010 -385 -64
50 12-Feb-2009 08-Apr-2010 -420 326
51 12-Feb-2009 17-Jun-2010 -490 226
52 04-Mar-2010 08-Apr-2010 -35 390
53 04-Mar-2010 17-Jun-2010 -105 290
54 08-Apr-2010 17-Jun-2010 -70 -100
Table C.5: SBAS interferometric pairs for stack V
No Master date Slave date ∆T (days) B⊥(m)
1 07-Dec-2002 18-Oct-2003 -315 48
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Table C.5 (continued)
No Master date Slave date ∆T (days) B⊥(m)
2 07-Dec-2002 27-Dec-2003 -385 0
3 07-Dec-2002 31-Jan-2004 -420 -35
4 07-Dec-2002 10-Apr-2004 -490 125
5 07-Dec-2002 30-Apr-2005 -875 -90
6 26-Apr-2003 10-Apr-2004 -350 -559
7 05-Jul-2003 09-Aug-2003 -35 -128
8 05-Jul-2003 22-Nov-2003 -140 -122
9 05-Jul-2003 15-May-2004 -315 187
10 05-Jul-2003 15-Jan-2005 -560 179
11 05-Jul-2003 19-Feb-2005 -595 -140
12 05-Jul-2003 04-Jun-2005 -700 174
13 09-Aug-2003 22-Nov-2003 -105 6
14 09-Aug-2003 15-May-2004 -280 315
15 09-Aug-2003 15-Jan-2005 -525 307
16 09-Aug-2003 19-Feb-2005 -560 -11
17 18-Oct-2003 27-Dec-2003 -70 -48
18 18-Oct-2003 31-Jan-2004 -105 -83
19 18-Oct-2003 10-Apr-2004 -175 78
20 18-Oct-2003 30-Apr-2005 -560 -137
21 22-Nov-2003 15-May-2004 -175 309
22 22-Nov-2003 15-Jan-2005 -420 301
23 22-Nov-2003 19-Feb-2005 -455 -18
24 22-Nov-2003 04-Jun-2005 -560 295
25 27-Dec-2003 31-Jan-2004 -35 -35
26 27-Dec-2003 10-Apr-2004 -105 125
27 27-Dec-2003 24-Jul-2004 -210 -409
28 27-Dec-2003 30-Apr-2005 -490 -90
29 31-Jan-2004 10-Apr-2004 -70 160
30 31-Jan-2004 24-Jul-2004 -175 -374
31 31-Jan-2004 30-Apr-2005 -455 -55
32 10-Apr-2004 30-Apr-2005 -385 -215
33 15-May-2004 19-Jun-2004 -35 291
34 15-May-2004 28-Aug-2004 -105 380
35 15-May-2004 06-Nov-2004 -175 242
36 15-May-2004 15-Jan-2005 -245 -8
37 15-May-2004 19-Feb-2005 -280 -327
38 15-May-2004 04-Jun-2005 -385 -14
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Table C.5 (continued)
No Master date Slave date ∆T (days) B⊥(m)
39 15-May-2004 13-Aug-2005 -455 138
40 15-May-2004 17-Sep-2005 -490 272
41 19-Jun-2004 24-Jul-2004 -35 329
42 19-Jun-2004 28-Aug-2004 -70 89
43 19-Jun-2004 06-Nov-2004 -140 -49
44 19-Jun-2004 15-Jan-2005 -210 -299
45 19-Jun-2004 04-Jun-2005 -350 -304
46 19-Jun-2004 13-Aug-2005 -420 -153
47 19-Jun-2004 17-Sep-2005 -455 -19
48 19-Jun-2004 31-Dec-2005 -560 124
49 19-Jun-2004 11-Mar-2006 -630 10
50 24-Jul-2004 28-Aug-2004 -35 -239
51 24-Jul-2004 06-Nov-2004 -105 -378
52 24-Jul-2004 30-Apr-2005 -280 319
53 24-Jul-2004 17-Sep-2005 -420 -348
54 24-Jul-2004 31-Dec-2005 -525 -205
55 28-Aug-2004 06-Nov-2004 -70 -138
56 28-Aug-2004 15-Jan-2005 -140 -388
57 28-Aug-2004 04-Jun-2005 -280 -394
58 28-Aug-2004 13-Aug-2005 -350 -242
59 28-Aug-2004 17-Sep-2005 -385 -108
60 28-Aug-2004 31-Dec-2005 -490 34
61 28-Aug-2004 11-Mar-2006 -560 -79
62 28-Aug-2004 24-Feb-2007 -910 88
63 06-Nov-2004 15-Jan-2005 -70 -250
64 06-Nov-2004 04-Jun-2005 -210 -255
65 06-Nov-2004 13-Aug-2005 -280 -104
66 06-Nov-2004 17-Sep-2005 -315 30
67 06-Nov-2004 31-Dec-2005 -420 173
68 06-Nov-2004 11-Mar-2006 -490 59
69 15-Jan-2005 19-Feb-2005 -35 -318
70 15-Jan-2005 04-Jun-2005 -140 -5
71 15-Jan-2005 13-Aug-2005 -210 146
72 15-Jan-2005 17-Sep-2005 -245 280
73 15-Jan-2005 31-Dec-2005 -350 423
74 15-Jan-2005 11-Mar-2006 -420 309
75 19-Feb-2005 04-Jun-2005 -105 313
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Table C.5 (continued)
No Master date Slave date ∆T (days) B⊥(m)
76 19-Feb-2005 13-Aug-2005 -175 464
77 04-Jun-2005 13-Aug-2005 -70 151
78 04-Jun-2005 17-Sep-2005 -105 285
79 04-Jun-2005 31-Dec-2005 -210 428
80 04-Jun-2005 11-Mar-2006 -280 315
81 13-Aug-2005 17-Sep-2005 -35 134
82 13-Aug-2005 31-Dec-2005 -140 277
83 13-Aug-2005 11-Mar-2006 -210 164
84 13-Aug-2005 24-Feb-2007 -560 331
85 17-Sep-2005 31-Dec-2005 -105 143
86 17-Sep-2005 11-Mar-2006 -175 30
87 17-Sep-2005 24-Feb-2007 -525 197
88 31-Dec-2005 11-Mar-2006 -70 -113
89 31-Dec-2005 24-Feb-2007 -420 54
90 11-Mar-2006 24-Feb-2007 -350 167
91 24-Feb-2007 22-Aug-2009 -910 -112
92 20-Dec-2008 22-Aug-2009 -245 275
93 20-Dec-2008 31-Oct-2009 -315 140
94 22-Aug-2009 31-Oct-2009 -70 -135
95 22-Aug-2009 24-Apr-2010 -245 239
96 22-Aug-2009 11-Sep-2010 -385 90
97 31-Oct-2009 24-Apr-2010 -175 374
98 31-Oct-2009 11-Sep-2010 -315 225
99 24-Apr-2010 11-Sep-2010 -140 -149
Table C.6: SBAS interferometric pairs for stack VI
No Master date Slave date ∆T (days) B⊥(m)
1 08-Feb-2003 11-Oct-2003 -245 -337
2 08-Feb-2003 28-Feb-2004 -385 -203
3 08-Feb-2003 21-Aug-2004 -560 186
4 02-Aug-2003 11-Oct-2003 -70 359
5 02-Aug-2003 20-Dec-2003 -140 172
6 02-Aug-2003 17-Jul-2004 -350 -86
7 02-Aug-2003 08-Jan-2005 -525 -110
8 11-Oct-2003 20-Dec-2003 -70 -187
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Table C.6 (continued)
No Master date Slave date ∆T (days) B⊥(m)
9 11-Oct-2003 28-Feb-2004 -140 133
10 11-Oct-2003 28-May-2005 -595 -107
11 20-Dec-2003 28-Feb-2004 -70 320
12 20-Dec-2003 17-Jul-2004 -210 -258
13 20-Dec-2003 08-Jan-2005 -385 -283
14 20-Dec-2003 28-May-2005 -525 79
15 28-Feb-2004 21-Aug-2004 -175 390
16 28-Feb-2004 28-May-2005 -455 -241
17 17-Jul-2004 30-Oct-2004 -105 -397
18 17-Jul-2004 08-Jan-2005 -175 -24
19 17-Jul-2004 28-May-2005 -315 338
20 30-Oct-2004 08-Jan-2005 -70 372
21 30-Oct-2004 23-Apr-2005 -175 -262
22 08-Jan-2005 28-May-2005 -140 362
23 28-May-2005 04-Nov-2006 -525 161
24 04-Nov-2006 11-Aug-2007 -280 -103
25 04-Nov-2006 08-Mar-2008 -490 -138
26 04-Nov-2006 12-Apr-2008 -525 195
27 11-Aug-2007 08-Mar-2008 -210 -35
28 11-Aug-2007 12-Apr-2008 -245 299
29 08-Mar-2008 12-Apr-2008 -35 333

AppendixD
Supporting information on the
Santorini episode
This Annex includes some additional information on the Santorini volcano
and processing, by providing some interesting historical Santorini maps,
presenting the hardware characteristics of the permanent GPS instruments
along with the raw measurement time-series, and attempting to estimate
a velocity gradient, aiming at removing a best fit plane from the InSAR
results to match all GPS data simultaneously.
D.1 Information for the Santorini GPS sites
At the time of the writing of this thesis, there are ten (10) continuous GPS
stations installed on the Santorini caldera (Figure 5.2-left). Four of them
(KERA, NOMI, PKMN and SNTR) were established before the recent in-
flation outbreak of the area (early 2011), while the rest of the receivers were
placed on the caldera as the phenomenon was evolving (mainly mid to end
2011). Unfortunately, KERA, NOMI and PKMN, have frequent and large
data-gaps, while SNTR station suffers from hardware failure since mid July
2012. Currently (October 2012), only six of the receivers (KERA, MOZI,
NOMI, PKMN, RIBA and SANT) are delivering data on a daily basis, while
there is an ongoing effort to repair hardware failure on another two (DSLN
and WNRY).
Various institutes have contributed in setting up such a dense GPS net-
work on the caldera. The University of Oxford along with National Technical
University of Athens have installed and operated four of the receivers, while
Georgia Institute of Technology has established another five. Data from the
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Table D.1: Details of the continuous GPS stations used in this study.
Station
name
Receiver
type
Antenna type
(plus Radome)
Installation
date
Processing
interval
Established and
maintained by
DSLN ASHTECH
PF500
ASH11161
NONE
26/07/2011 26/07/2011 -
10/09/2012
UoOa& NTUAb
WNRY ASHTECH
PF500
ASH11161
NONE
26/07/2011 26/07/2011 -
10/09/2012
UoO & NTUA
SANT LEICA
GR10
LEIAR10
NONE
13/09/2011 13/09/2011 -
10/09/2012
NKUA&NOANETc
RIBA TRIMBLE
NETR9
TRM57971.00
NONE
26/08/2011 26/08/2011 -
10/09/2012
GITd
KERA TRIMBLE
NETR9
TRM41249.00
NONE
07/05/2006 04/06/2011 -
10/09/2012
GIT
MOZI TRIMBLE
NETR9
TRM57971.00
NONE
28/08/2011 28/08/2011 -
10/09/2012
GIT
NOMI TRIMBLE
NETR9
TRM41249.00
NONE
09/05/2006 10/03/2010 -
10/09/2012
GIT
MKMN TRIMBLE
NETR9
TRM41249.00
NONE
26/07/2011 26/07/2011 -
22/05/2012
UoO & NTUA
PKMN TRIMBLE
NETR9
TRM41249.00
NONE
02/07/2008 04/06/2011 -
10/09/2012
GIT
SNTR TRIMBLE
5700
TRM41249.00
NONE
26/06/2004 26/06/2004 -
15/07/2012
UoO & NTUA
a University of Oxford
b National Technical University of Athens
c National Kapodistrian University of Athens and National Observatory of Athens
d Georgia Institute of Technology
latter are distributed by UNAVCO. National and Kapodistrian University of
Athens in collaboration with the National Observatory of Athens have also
installed continuous GPS stations. Detailed information, including hard-
ware description can be found in Table D.1. The corresponding raw time
series for these stations are depicted in Figure D.1.
D.2 Velocity gradient estimation
Estimating a velocity gradient from the generated InSAR velocities, by re-
moving a best fit plane from the InSAR results to match all GPS data
simultaneously was approached following three directions:
1. Direct estimation of the ramp interpolating through the GPS mea-
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Figure D.1: Raw time-series of GPS measurements for the ten per-
manent stations. Columns 1 and 2 correspond to the north, 3 and 4
to the east, and 5 and 6 to the up components respectively. The ap-
proximate linear deformation pattern is observable in almost all ten
stations for the period from January 2011 to February 2012. Since
then, a significant waning off of inflation is observed.
surements:
• firstly a best fit spline surface is estimated, passing through the
merged PSI and SBAS points,
• using this surface the velocities at the exact locations of the GPS
stations are calculated,
• then, the difference in velocities between the InSAR and GPS
measurements at these locations is produced. An error compo-
nent in these differences is modeled as a ramp due to baseline
errors and reference area offset,
• this ramp is modeled as a best fit plane to the difference values,
• finally the corresponding values at each InSAR scatterer using
the best fit-plane parameters are calculated and subtracted from
the original merged InSAR measurements.
2. Least squares fit to the GPS LOS velocities using all available scat-
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terers within a given radius around each GPS site (a radius of 150 m
means all GPS sites have at least 12 nearby scatterers).
3. Least squares fit to the GPS LOS velocities using the nearest 12 scat-
terers to each GPS site.
The GPS and InSAR uncertainties were fully incorporated into the least-
squares estimation. The resulting planes were very similar to each other
but both produced similar (but reduced) spatially correlated residuals in
the WNW→ESE direction.
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Figure D.2: Bias introduced by subtracting a velocity gradient. Resid-
uals between the Mogi model and (left) the raw InSAR velocities and
(middle) the raw InSAR velocities minus a velocity gradient to match
the GPS velocities. (right) The velocity gradient that was removed.
There is a clear correlation between the residuals of the middle figure
and the ramp of the right figure.
In the modeling section of this work (Chapter 5.4.2), the Mogi model
generated from the raw InSAR velocities without subtracting the velocity
gradient estimated from the GPS measurements is used. When the GPS
corrected InSAR velocities were used, the resulting residuals for the best
fit parameters of the Mogi model showed a bias ramp in the WNW→ESE
direction (Figure D.2). The reason that this is occurring most probably is
because of the reduced spatial sampling of the GPS stations, prohibiting
an accurate estimation of the ramp-if there is any. Finally, the area of
interest has a swath around ∼ 16 km, hence orbital effects that usually have
long spatial wavelengths are expected to have minor impact to the derived
velocities.
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THE CREATION OF PALEA AND NEA KAMENI
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Figure D.3: The creation of Palea and Nea Kameni [Vougioukalakis
et al., 2005].
D.3 Historical Santorini maps
This section contains some interesting figures that depict different types of
information for Santorini volcano. Figure D.3 depicts the creation of Palea
and Nea Kameni, Figure D.4 a volcanic zonation map, while Figure D.5
shows an historic map of Santorini, surveyed by Captain Thomas Graves.
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Figure D.4: Volcanic hazard zonation map from a historic-type vol-
canic activity in Santorini [Vougioukalakis et al., 2005].
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Figure D.5: Map of Santorini, surveyed by Captain Thomas Graves
F.R.G.S. H.M.S. in 1848 [Leycester, 1850]
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